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BIOLOGICAL BULLETIN 


EFFECTS OF THE EXTIRPATION OF THE ANTERIOR 
LOBE OF THE HYPOPHYSIS OF RANA PIPIENS. 


BENNET M. ALLEN, 


UNIVERSITY OF KANSAS. 


These experiments were performed in the spring of 1916, 
although attempts had been made the previous year which failed 
because of faulty technique. 

Adler (’14) removed the hypophysis ingrowth by using the 
electric cautery at a stage of 20 mm. length. This caused im- 
mense mortality and he was able to rear only 3 specimens. In 
these the hind limbs did not grow beyond the condition of mere 
buds and persisted in this condition long after metamorphosis 
of the controls and many months after the operation. He found 
that the growth of the thyroid gland was markedly retarded by 
the removal of the hypophysis and the amount of colloid was 
much reduced. 

P. E. Smith performed quite similar experiments simultan- 
eously with mine. Both of us gave simultaneous accounts of our 
respective researches before the San Diego meeting of the 
Western Society of Naturalists August 9 to 12. He published 
his results in Science, August 25, 1916, and in the Anatomical 
Record, October, 1916. I gave a preliminary account of my 
work in Science November 24, 1916. Since I have been delayed 
in making this more complete report, I can allow myself the privi- 
lege of drawing comparisons between Dr. Smith’s work and my 
own. 

My account of the experiments upon the hypophysis was de- 
layed owing to the fact that I was absent from Lawrence during 
the summer and was unable to complete the study of my material 
until my return in September. I had also hoped to combine the 
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account of these experiments with a full account of my work upon 
thyroid removal. Since six of the tadpoles in the latter experi- 
ment are still alive and the work upon the preserved material 
far from complete it seemed after all advisable to publish separate 
papers upon the two lines of work. 

In the present series of experiments the removal of the hypo- 
physis ingrowth was accomplished by making a frontal cut just 
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beneath it and extending more than its entire length as shown 
in Fig. 1. It was then quite a simple matter to open up the 
wound and remove the hypophysis ingrowth by means of a 
spear-point needle. This was performed under a binocular 
microscope. The stage chosen for operating is that of 3.5 to 4 
mm., the operation being performed more readily at this time 
than later because at this stage the ingrowth is compact and 
thick, but later becomes thinned out and more closely applied 


to the diencephalon, thus increasing the difficulty experienced in 
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seeing and removing it. In each case it was broken away from 
the ectoderm to which it was still attached at the stage at which 
the operation was performed. In most instances the dorsal 
portion of the pharynx was partly removed; but, as will be seen 
later, this did not appear to affect the formation of the thymus 
glands. 

The tadpoles recovered very quickly from the operation, heal- 
ing of the wound taking place in the course of 20 or 30 minutes, 
after which the tadpoles became as active as ever and appeared 
to be quite normal. In about 1/3 of the cases the anlage of the 
upper part of the mouth was so injured by the operation that it 
developed imperfectly, hence these individuals were doomed to 


starve. Observations upon this point were made in the following 
lots as indicated: 


Length of Tadpole ‘ ; : . - — 
: : Ti Cheers No, with Perfect No. with Defective Total No, Ex- 
Experiment. at Time of Oper Mouth: Stina, ceed 





No..23....}) 3.4 ; 6 
No. 24. 3-5 II 33 
No. 27. : x : 16 35 


20 


The operated tadpoles grew quite normally resembling the 
controls in every regard until 7 or 8 days after the operation 
when they were 8 mm. in length. They then underwent a 
striking color change from the earlier solid black to a bright 
creamy silver color, becoming really quite handsome creatures, 
In the controls many pigment cells are found in the lower layer 
of the epidermis, where they give off a rich network of processes, 
In sharp contrast to this is the fact that in the tadpoles deprived 
of the hypophysis only very seldom can a much contracted pig- 
ment cell be demonstrated in the epidermis. It seems quite 
certain that the pigment cells have migrated to deeper positions. 
In both the controls and the operated tadpoles they are found in 
great numbers on the surface of the skull, the inner surface of 
the gill cavity, the outer surface of the heart, within the brain, 
and spinal cord, upon the gills, in the pericardium, very ex- 
tensively in the peritoneum, in the pronephros, liver, thyroid, 
lungs, intestine and walls of the blood vessels, but there is a 
constant difference in that they are expanded in the normal 
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tadpoles and much contracted in the operated ones. It thus 
seems fair to conclude that in the absence of the hypophysis 
they migrate inward from the epidermis and that they contract 
throughout all parts of the body. In the more superficial cells 
of the epidermis scattered pigment granules are found here and 
there during later stages up to and beyond the 15 mm. stage. 
These persist in both the operated and control tadpoles. These 
observations and a careful study of the pigment cells convince 
me that there is no disappearance and bleaching of pigment 
granules as asserted by Smith. I differ from him further in my 
observations of the contraction of the pigment cells in the in- 
terior of the body in the operated tadpoles. 


FIG. 4. 


Figs. 2, 3, and 4 are all drawn to scale. Fig. 2 represents a 
lateral portion of the body wall of a normal control tadpole. 
The pigment cells can be clearly distinguished because of their 
darker color. Fig. 3 represents a similar portion of the body wall 
of a tadpole from which the hypophysis has been removed. This 
shows the absence of pigment cells in the epidermis and the 
contraction of those in the peritoneum. Fig. 4 shows a surface 
view of a pigment cell in the peritoneum of an operated tadpole. 
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We shall now take up a detailed account of the different ex- 
periments that bear upon the subject of this paper. 

No. 13.—April 9 and 10, 1916. Length at time of operation 
5.5 mm. These tadpoles were in too advanced a stage of de- 
velopment to give satisfactory results. It was impossible to 
clearly see the hypophysis ingrowth because it had become so 
much broadened and flattened. The ventral surface of the fore- 
brain was scraped and frequently injured in the process. Under 
this heading are included three series of experiments. 

(a) April 9. 14 operated, rather crudely. 10 remained alive 
at the end of 9 days. These were discarded because of later 
improvements in technique. 

(6) April 9. 12 operated. The work was much more care- 
fully performed than in (¢). The under side of the fore brain was 
carefully scraped and all specimens that showed injury to the 
brain were discarded. 6 remained alive at the end of 11 days 
when they were preserved for sectioning. 

(c) April ro. 20 operated. In this case the floor of the dien- 
cephalon behind the optic stalks was removed in order to insure 
the complete removal of the hypophysis which in itself is quite 
hard to recognize at this late stage. Only 3 remained alive at the 
end of 6 days and they were distorted. 

These experiments were made at entirely too late a stage of 
development to be successful. They are merely given to show 
the stages through which the work progressed. 

No. 14.—(a) April 10. 12 operated. 3 alive at the end of 6 
days. Length at time of operation 4 mm. This was the first 
really successful experiment. This unfavorable result was purely 
due to neglect owing to the press of work in later experiments. 
The remaining specimens were killed. 

(6) April 11. 65 operated. Tadpoles kept in a finger bowl 
for 2 days when it was found that 20 showed abnormalities due 
to lack of oxygen. These were isolated, some dying within a 
tew days while others partly recovered. These were later dis- 
carded. Of the remaining 36 healthy tadpoles 31 were alive at 
the end of 26 days. During this time they were kept in soft 
cistern water. They were fed algae which helped to oxygenate 
the water in the aquaria. The close quarters of the aquarium 
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bowl in which they were kept no doubt retarded their growth. 
They showed the following characters as to color and size: 
No. Specimens. 
Dark but with a more silvery cast than usual — 11, 12, 12, 13 
and 14 mm.—oneeach....... . 5 
Silvery runts under 11.5 mm...... : a 16 
Silvery specimens of larger size—11.5—13.5 mm. 
14, 16, and 18 mm.—one each...... { 3 


All but two of the small ones had a poorly formed mouth. _ 
Killed May 7 na ; 31 


(c) April 12. 51 operated. Of these, 8 were used for ex- 
periment 17. Of the remaining 43, two died on April 29; one 
on the 30th and then the mortality became very marked so much 
so that 31 died in the succeeding 5 days. On May 5 the remaining 
9 were preserved. They had lived 23 days. These were kept in 
city water in roomy kitchen sink aquaria from April 18 on. The 
high mortality in comparison with that of lot 14 (0) is really very 
striking. 

No. 17.—April 12 hypophysis removed, April 13 thyroid also 
removed. Kept throughout in a glass bowl aquarium in soft 
cistern water. At the end of 31 days two were dead, the re- 
mainder were killed. Of these killed May 13, 5 were light and 1 
dark. 

No. 19.—April 14. Length at time of operation 5 and 6 mm. 
21 operated. The operation was performed upon specimens too 
far advanced. They showed a high rate of mortality and were 
soon discarded. 


No. 22.—April 20. Stage at operation varied 3.5-4.5. 40 
operated. Two died soon after. Divided-into two lots of 19 
each. Lot (a) was kept as before, in lot (b) the thyroid gland 
was also removed. 


In Lot (a) 3 dead by May tr. 

In Lot (6) 3 dead by May 3. 

All dead in few succeeding days. Data not complete. On 
April 28 both (a) and (0) equally showed the characteristic color 
change due to removal of the hypophysis proving that this is not 
due to any lack of balance between these two glands. 

Controls kept in same sink showed no mortality. 

No. 23.—April 22. Stage of operation 3.5-4 mm. 42 oper- 
ated. Great care was exercised to avoid injury to the brain. 
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April 29. 7 died. 

April 30. 5 died. 

May l. 5 died. 

May 2. 5 died. 

On May 2, 19 were nearly dead—only the faintest heart beat 
could be seen and only 1 was still active. The 20 were killed on 
that date. 

Controls kept in neighboring sink showed no mortality. 

No. 24.—April 23. Stage of operation 3-3.5 mm. 51 oper- 
ated. Great care was exercised to avoid injury to the brain. 

April 29. 1 died. 

May I. 3 died. 

May 2 and 3. 36 died. 

Only 11 remained alive at this time. Controls kept in neigh- 
boring sink showed no mortality. 

No. 27.—April 30. Length at time of operation 3.5 to 4 mm. 
103 operated. 3 died within 24 hours. Care was exercised to 
avoid injury to the brain. Divided into two lots. 

(a) 30 kept in aquarium bowl in soft water for 10 days; there 
was no mortality during this time. Transferred to sink with city 
water on May 10. May 21 all dead but one that was dark in 
color. 

(b) 70 kept in sink with city water from outset. 


NT et Oy OS ER Pree oe he 
Killed June 10, of these, 1 black, 1 gray, 1 white (smali). 3 
Controls showed no moitality during this time. 


No. 28.—May 8. Length at time of operation 3.5-4 mm. 
30 operated. On June 10 4 remained alive—two killed and two 
preserved. One of these lived until July 2 while the other lived 
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until Aug. 30th. The former was killed when 24 mm. long. The 
latter reached a length of 30 mm. _ It was extremely active and of 
a bright silver color. It was unfortunately lost. 


TABLE SHOWING MORTALITY IN VARIOUS EXPERIMENTS. 
In Soft Water. 


Termination of No, Tadpoles No. 


Time of Starting. Experiment. No. Days. in Exp, Dead. 


Aprii 11 May 7 26 36 5 
April 12 and 13 | May 13 oe a 8 2. 


In City Water (Hard). 


April 12 May 5 23 43 _ 
April 22 May 3 II 42 41 
April 23 May 3 10 51 | 40 
April 30 June 1 31 103 97 
May 8 June 10 32 30 26 


We can see in these experiments the serious effect of the 
Lawrence city water upon tadpoles deprived of the anterior lobe 
of the hypophysis. An analysis of the water made June 1 shows 
the following mineral content: 


In terms of mg. per liter. 


fluctuates greatly from this 


figure to 13 mg. 


Na plus K. 
Mba Sheehan ies eau .o at no time during experiment 


in free condition. 
cide 
HCOs.. 

The Fe is the only ingredient that shows frequent fluctuation. 
It is interesting to note in this connection the results of a test 
control experiment. 

No. 27 X.—On May 1 tadpoles from the same batch used in 
27 were employed. These had been held in their development 


at the operative stage by being kept upon ice. Soon after the 
operation they were placed in city water. 
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(a) 16 tadpoles were cut along a plane lying just above the 
hypophysis ingrowth. In the majority of cases the brain was 
touched. 4 died on May 5. 

(6) 15 tadpoles were cut in the usual manner in preparation 
for removal of the hypophysis ingrowth but as in the preceding 
(a) the hypophysis ingrowth itself was left intact. 

After (a) and (0) had been kept separate for 10 days with the 
loss of 4 in (a) they were then combined. 

Following this, deaths occurred as follows: 


Thus on June 9 14 were still living and healthy. They were 
then killed. It is interesting to compare the results obtained 
here with those found in the above table. It is seen that by de- 
ducting the 4 that died in the first 5 days, as a result of serious 
injury there were 28 that had a good start without any mortality 


until May 18; 14 or 3 of these survived 40 dayslater. Unfortu- 
nately a study of the mouths of these tadpoles was not made. If 
it had been done it might have been possible to explain some of 
this mortality as a result of starvation due to imperfect mouth 
development resulting from injury. A series of measurements 
made on May 16 showed 12 to be below 11.5 mm. in length while 
the maximum length was 13.6 mm. Thevery smallest, 8.7 mm., 
was of a silvery color due supposedly to the accidental removal 
or injury of the hypophysis ingrowth. 

This leads to the important point that this was the only case 
of a color change in the 28 specimens, thus showing that the ab- 
sence of the hypophysis and not the mere wound itself is the 
cause of the color change. Along this line may be mentioned 
that in nearly every experiment where removal of the hypophysis 
was practiced one.or two operated tadpoles failed to show the 
color change characteristic of the others. Several of these were 
sectioned and in each case it was found that there had been failure 
to remove the hypophysis. There is thus no doubt whatever 
that the absence of this gland is the cause of it. The nature of 
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this color change will be discussed later. The operation and the 
absence of the hypophysis have their influence upon the size of 
the tadpoles. 


Lots 27(a) and (6) also 27 X (control operated) (a) and (b) 
were measured on May 16 giving the following results: 


Aver- No, Speci 


Lot, Maximum, Minimum. age. mene. 


(27 a (deprived of hypophysis).... 12.0 (dark) 
10.6 8.3 9-43 
27 6 (deprived of hypophysis) . -| 15.3 8.9 10.74 
27 X a and b—operated control. 13.6 8.7 silver one) 11.53 
9.6 dark 
Control (none operated). 20.4 11.6 16.95 


It is to be remembered that 27 X a and b was performed 1 day 
later than 27 a and b. 

It is thus seen that although the operated controls did not grow 
as rapidly as the unoperated controls they grew decidedly more 
rapidly than did the operated tadpoles. It is also seen that a 
few of the largest operated tadpoles showed greater size than the 
smaller controls. It is difficult to explain this. It may be partly 


due to a difference in vitality. 

The serious mortality and delay of growth are in sharp contrast 
with the results of the equally severe operation of removal of the 
thyroid anlage. This was performed by making a transverse cut 
between the heart and the thyroid, and then picking out the 
latter by means of a needle. The cut was quite as large as that 
made for the removal of the hypophysis and produced a con- 
siderable loss of blood, yet there was no greater mortality in the 
operated tadpoles than among the controls. In time they ap- 
peared precisely like the normal controls and remained so until 
the legs began to grow in the controls while remaining at an 
early stage of development in the thyroidless tadpoles. 

Returning to the experiments upon removal of the hypophysis, 
upon the question of mortality my results are quite at variance 
with those of Dr. Smith who found that there was even less 
mortality among his operated tadpoles than among his controls. 
I feel that this difference between his results and mine may well 
be explained by the fact that our material was reared in a different 
water supply. It is quite significant that lots 15 b and 17 raised 
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in aquarium jars with soft cistern water lived with very little 
mortality until I killed them. They had ceased to grow because 
of overcrowding in narrow quarters. The serious effects of our 
water supply upon normal tadpoles were noted in a series of 
experiments upon removal of the thyroid, to be published later. 
In these both the thyroidless tadpoles and their controls began 
to show a remarkable twist in their tails when they reached a 
length of about 25 mm. on June 8, 57 days after the operation. 
At this time they began to show a high mortality, This was 
even more marked in the controls than in the operated ones. 
Only a very few that had been deprived of the hypophysis re- 
mained alive at this time and they were not far enough advanced 
to show these modifications. 

This whole matter will be the subject of extensive work next 
spring in an effort to determine whether the high mortality 
among the tadpoles deprived of the hypophysis is due to a re- 
sulting susceptibility to some specific substance in the water. 
We should be able by these means to trace out some features in 
the influence of the hypophysis upon metabolism. 

There was marked retardation in the development of the 
limb buds. This was quite evident in the 24 mm. specimen 
killed July 2. The operated tadpole of this stage had limb buds 
234 micra while in the control they were 532 micra in length. 
According to the reports of a friend who kept the 30 mm. tadpole 
under observation up to the time of its death, August 30, the 
limb buds remained strictly rudimentary. At this time the 
controls had long before undergone metamorphosis. In these 
regards my work is in complete accord with that of Adler and 
Smith, namely, the removal of the hypophysis prevents the hind 
legs from developing beyond a rudimentary condition, and 
causes the tadpoles to remain in a larval state. 

The internal structure of the few operated tadpoles that reached 
sufficient size was studied in comparison with the controls. 
The stages thus investigated were of 15.5 mm., 16.5 mm., 21.5 
mm., and 24 mm. length. One that reached 30 mm. length 
unfortunately died without being preserved. Especial attention 
was given to a study of the thyroid and thymus glands and to the 
gonads. A more cursory examination of other organs was made, 
but failed to show any noteworthy features. 
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In measuring the different organs there were in each case three 
measurements made in portions that show approximately maxi- 
mum thickness. Such measurements were made in two diinen- 


sions in each case. The averages computed from them are as 
follows: 
16.5 Mm. sin 








Thymus. Thyroid, 
Leng., Bread.,|Thick., Leng., |Bread., 





(Control, indif. sex) 


248 | 362 
234 | 476 | 150 


| 342 | 532 | 150 
341 | 504 | 120 


21.5 Mm. som 


| a 
..| 660 | 327 a 461 | 220 | az |ax,rso| 85 | 
670 | 335 | 639 | 210 22 | 990| 135 

| | 4 

| 460 | 369 | 639 | 190 43 | 930] 59 | 
412 | 882 | 200 43 790) _ 67 


(Operated, male probably) 


24 Mm. Stage. 


Cums. male neat) } 
Left. . ‘ 426 | 639 | 200 | 177 | 57 | 1,170) 114 99 
: 426 | 639 | 300 | 149 | 57 | 1,020) 114 | 114 

(Operated. male) 
SN iicie Ae -o4, 5.970 525 | 852 | 250 | 270 | 28) 660) 114 | 170 
i | 504 | 696 | 210 | 362 | 28! 840) 114! 92 


TABLE SHOWING THE NUMBER OF FOLLICLES IN THE THYROID GLAND AND THE 
AVERAGE DIAMETER OF THE COLLOID SECRETION MASSES. 


16.5 Mm. Stage. 
Number of Diameter of 
Colloid Masses. Colloid Masses. 
..20 
12 


‘sac aaa 
Operated ; a 16 


Control 


21.5 Mm. Stage. 
Control 


Operated 


Control 


Operated 
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It is clearly evident from the above figures that tadpoles de- 
prived of the hypophysis produce far less colloid substance in 
their thyroid glands than do the normal controls. This is a 
markedly constant point of difference. This would seem to be 
an index of its secretory activity in the two cases; although the 
recent work of Bensley would cast doubt upon the value of the 
colloid accumulation as an index of the secretory activity of the 
thyroid. 

In the 16.5 mm. and 21.5 mm. stages, the thyroid is actually 
larger in the operated individuals than in the corresponding 
controls while in the 24 mm. stage the thickness—dorso-ventral 
dimension—-is on the contrary almost twice as great in the control 
as in the operated specimen. The material is too scanty to 
enable one to draw positive conclusions upon this score from my 
work alone. It may be well to point out however that Adler, 
Smith and myself are in agreement regarding the effect of the 
‘ removal of the hypophysis upon the development of the thyroid 
gland and regarding the relatively small amount of colloid pro- 
duced in them. 

I should hesitate to attribute the failure of the limbs to develop 
in operated tadpoles to the lessened activity of the thyroid 
resulting from the absence of the hypophysis. This question 
must be tested by more crucial experiments than any as yet 
applied. 

In general the thymus gland is larger in the operated tadpoles 
than in the controls. The differences are not constant nor are 
they striking in the face of the general variability of this organ. 
It only seems safe to state that the thymus is not adversely af- 
fected in size or structure by the removal of the hypophysis. 

The gonads show a large amount of variation in size and form. 
The absence of the hypophysis does not produce any apparent 
modification in them in the stages studied. The germ cells, sex 
cords and the various structures of the gonads appear to be quite 
unmodified by the operation. The operated tadpoles of 21.5 
mm. and of 24 mm. stages after sexual differentiation are both 
males. It is thus impossible to tell whether there is any difference 
in the effects upon the two sexes. This point of the effect upon 
the gonads must be carried out in future experiments reaching 
to much later stages and involving far larger numbers of tadpoles. 
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SUMMARY. 


1. The removal of the anlage of the anterior lobe of the hy- 
pophysis early causes the pigment cells tocontract, and those of the 
epidermis to withdraw from it into the interior. This takes place 
while the gland shows little or no apparent histological differ- 
entiation. 

2. Evidence has been given to show that the absence of the 
hypophysis in tadpoles makes them highly susceptible to un- 
favorable chemical conditions of the water. This will be tested 
out specifically in later experiments. 

3. The absence of the hypophysis causes—either directly or 
indirectly—a failure to undergo metamorphosis especially evident 
in the absence of limb growth beyond a very rudimentary con- 
dition. 


4. The absence of the hypophysis causes a marked diminution 
of colloid formation in the thyroid gland and in the stage of 24 
mm. involves a retardation in its growth. 

5. During the stages studied the absence of the hypophysis 
produced no noticeable effects upon the thymus gland nor upon 


the gonads. 
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TEMPERATURE-COEFFICIENTS IN THE ACTIVATION 
OF STARFISH EGGS BY BUTYRIC ACID. 


RALPH S. LILLIE. 


(From the Marine Biological Laboratory, Woods Hole, and the Physiological 
Laboratory, Clark University) 


INTRODUCTORY. 


In experiments performed at Woods Hole during the summers 
of 1915 and 1916 it was found that unfertilized starfish eggs may 
be completely activated—so that with normal eggs 95 per cent. or 
more form blastula—by a single exposure to a weak solution of 
butyric acid (in sea-water or Van’t Hoff’s solution) at room tem- 
perature.! To secure this result with a given solution of acid all 
that is required is that the duration of the exposure should be 
definite within somewhat narrow limits. Exposures briefer than 
this optimum cause incomplete activation, which may fail to 
carry the egg beyond membrane-formation and a few early 
cleavages; in such cases the activation may be completed and the 
egg rendered capable of advanced development by a second prop- 
erly timed exposure to the same solution. Over-exposure 
directly injuries the eggs and impairs or destroys their power of 
development. Corresponding to each concentration of acid 
within a wide range (.0005 to .006 m) there was found a well- 
defined optimum duration of exposure; this duration was approxi- 
mately inversely proportional to the concentration of acid. 

These facts, especially the direct proportionality between the 
concentration of acid and the speed of the activation-process, 
indicate that a chemical interaction between the acid and some 
unknown egg-constituent (probably surface-component), rather 
than a purely physical effect, is the critical or determinative event 
in this type of activation. Apparently during the period of ex- 
posure this interaction continues uniformly, at a rate determined 
by the temperature, concentration of acid, and the structural 

1 BIOLOGICAL BULLETIN, 1915, Vol. 28, p. 260; Journ. Biol. Chem., 1916, Vol. 24, 
P. 233. 
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conditions in the egg-system, until a certain definite quantity of 
reaction-product is formed; this is the critical quantity required to 
enable the egg to continue its development to an advanced stage; 
and if the reaction is then arrested by returning the eggs to sea- 
water, activation is found to be complete and development con- 
tinues normally. If, however, the exposure has been too brief, 
so that the quantity of reaction-product formed is insufficient, 
activation is only partial and development ceases at an early 
stage. Similarly, over-exposure leads to an excessive accumu- 
lation of the reaction-product—a condition also unfavorable to 
development. According to this hypothesis, the activation- 
process consists essentially in the production of a definite reaction- 
product, which may be called the activating substance. Since 
the rate at which the butyric acid takes part in the process is 
directly proportional to its concentration, it is evident that the 
interaction has the character of a monomolecular reaction: ¢. e., 
the product of the concentration into the time required to produce 
a given quantity of reaction-product is constant (gt = const.). 
The quantity of egg-constituent transformed into activating 
substance in unit time is a direct linear function of the concen- 
tration of butyric acid.' 

Some further test of this hypothesis has seemed desirable, 
since the objection is possible that the activating effect depends 
simply upon the entrance of a certain critical quantity of acid into 
the egg. According to the general law of diffusion, the rate of 
such entrance would be proportional to the difference in the con- 
centration of acid between medium and cell-interior; hence the 
time required for the entrance of the activating quantity of acid 
ought to vary inversely with its concentration in the medium. 
No inference as to the mode of action of the acid would then be 
possible from the above facts alone. A possible means of de- 
ciding between these alternatives lies in determining the manner 
in which the rate of activation in a given solution of acid is in- 
fluenced by change of temperature. The temperature-coefficient 

1 The destruction of an inhibiting substance by combination with the acid might 
be supposed to underlie the activation effect, but in this case the rate of destruction 
would not be uniform, but would fall off with the progressive disappearance of the 


inhibiting substance. All of the evidence indicates that the rate of activation is 
uniform and a direct function of the concentration of acid. 





ACTIVATION OF STARFISH EGGS BY BUTYRIC ACID. 133 


of reaction-velocities at ordinary temperatures is usually much 
greater than that of diffusion ;' hence if the simple rate of diffusion 
into the egg is the essential factor determining the rate of acti- 
vation, the effective times of exposure should be only slightly 
altered by changes of temperature. On the other hand, if the 
rate of entrance is itself unimportant,? and the essential action 
of the acid consists in forming a chemical compound, the rate 
of activation should be influenced by temperature in the manner 
characteristic of chemical relations, 7. ¢., doubled or tripled by a 
rise of 10°.3 
EXPERIMENTAL. 


In the experiments described below the rates of activation 
have been determined for a considerable range of temperatures, 
2° to 28° (with intervals of 2°), using a single concentration of 
butyric acid throughout, viz., .006 m in sea-water (6 c.c. n/IO 
acid plus 94 c.c. sea-water). In each series of experiments eggs 
from the same lot—usually taken from a single animal to insure 
uniformity of condition—were exposed simultaneously to this 
solution at the two (or three) temperatures under comparison, 
Usually in any single series two temperatures differing by 2° 
(e. g., 10° and 12°) were chosen; sometimes three temperatures 
were used, in case this could be done without interfering with 
manipulation. ‘The procedure was simple: the eggs, after wash- 
ing thoroughly in sea-water, were placed in two (or three) small 


1 A list of temperature-coefficients of different physico-chemical properties and 
processes is given in Snyder’s paper, Amer. Journ. Physiol., 1908, Vol. 22, p. 309. 
The values given for diffusion-processes are probably too high; Oholm, working in 
Arrhenius’ laboratory, finds for eight substances, including salts, alkalis and acids 
(HCl and CHsCOOH) Qw values ranging from 1.19 to 1.28. Cf. Oholm, Zeitschr. f. 
physik. Chem., 1905, Vol. 50, p. 309 (cited in Lewis’ ‘‘System of Physical Chemis- 
try,”” Vol. 1, 1916, p. 428). 

2 As would be the case if the rate of entrance were decidedly more rapid than 
the rate of participation in the activation-process. 

* This is the usual coefficient for the range of temperatures under consideration 
in physiological processes. In general the Qi values for chemical reaction-velocities 
decrease as the temperature rises; for a study of this phenomenon cf. Cohen Stuart, 
Proceedings of the Royal Society of Amsterdam, May 23, 1912, p. 1159. Snyder 
notes that in physiological processes a decrease of Qio at higher temperatures is also 
frequently found (Amer. Journ. Physiol., 1911, Vol. 28, p. 167). In the activation 


of starfish eggs by butyric acid, however, the reverse is the case, as will be seen 
below. 
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beakers, each containing a thermometer; after the eggs had 
settled the sea-water was removed as far as possible; then the 
solutions of butyric acid, at the temperatures chosen for the 
experiment, were added, first to one beaker, and then, after a 
short definite interval (e. g., 10 seconds), to the second. The 
temperature of each beaker was kept constant during the period 
of the experiment by immersion in a water-bath of the same tem- 
perature; and at definite intervals eggs were transferred to finger- 
bowls containing sea-water. A series of dishes, each containing 
eggs exposed to .006 butyric acid for a definite length of time 
(e. g., I m.,2 m., 3 m., etc.), was thus obtained for each temper- 
ature. The intervals between successive transfers varied from 
4 min. at the higher temperatures (22° and over) to 3 or 4 minutes 
at 8° to 12°. The condition of the eggs in each dish and the 
proportion developing to larval stages were determined later. 
The differences between successive members of such a series are 
usually distinct, and the proportion of favorably developing 
eggs is always found to increase progressively up to an optimum, 
after which it declines. The determination of the optimum dura- 
tion of exposure thus presents no difficulties. As a rule one dish 
shows distinctly more numerous larve than those on either side; 
but with favorable lots of eggs and brief intervals between the 
transfers it is often found that at the region of optimum two or 
even three successive exposures give equally good results. 

At temperatures below 8° it is necessary to distinguish between 
the effects due to the butyric acid, and those produced directly 
by cold alone. Prolonged exposure to temperatures of 6° and 
lower has a well-marked activating influence on star-fish eggs.! 
At these temperatures butyric acid solutions were found to act 
more rapidly than at temperatures several degrees higher (8° to 
12°); this increase in the rate of activation with fall of temperature 
indicates the entrance of cold as a factor; we have then to deal 
with a summation of two activating influences, cold and acid. 
Between 8° and 28° the influence of temperature alone is insuf- 
ficient for activation. Above this range temperature conditions 
again become effective; simple exposure to sea-water at 30° and 
higher for the proper length of time complete activation.’ There 


1 Cf. Greeley, Amer. Journ. Physiol., 1902, Vol. 6, p. 296. 
?R. S. Lillie, BroLtocicaL BULLETIN, loc. cit. 
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are thus two ranges of temperature, one below 8°, the other above 
29°, exposure to which may induce activation. Eggs may be 
exposed to sea-water at 28° for 45 minutes without showing any 
external signs of activation, such as membrane formation, al- 
though some latent effect is probably produced. At about 29° 
definite activation effects begin to appear, and at 30° these are 
well marked. It is found, however, that at temperatures con- 
siderably below the range of heat-activation the action of 
butyric acid is accelerated to a disproportionate degree by slight 
rise of temperature; the temperature-coefficient of this action, at 
first of the order 2—3.5, begins to show decided increase at 20° 
or even lower, and a rise from 26* to 28° approximately doubles 
the rate of activation (see Table II). This behavior indicates 
that at higher temperatures the combination of the acid is facili- 
tated by some secondary change in the egg-system due directly 
to the temperature. Apparently the structural conditions under — 
which the activating reaction proceeds are modified in a definite 
manner by a rise in temperature. The indications are that at 
30° and higher the structure is so altered that acids formed in the 
egg itself (e. g., lactic)* become free to combine and cause acti- 
vation; this hypothesis explains why heat-activation and acid- 
activation exhibit so many features in common, in particular 
closely similar relations between duration of exposure and degree 
of activation.‘ The high temperature-coefficients of acid-activa- 
tion above 20° are thus probably the expression of a super- 

1 This is indicated by the marked acceleration in the rate of acid-activation at 


or near this temperature. See below, p. 142. 

2 Loc. cit., p. 268. 

* This acid is formed rapidly in many cells at higher temperatures, as seen in the 
phenomena of heat-rigor. 

*Cf. my recent paper, BIOLOGICAL BULLETIN, loc. cit., p. 282: also Journ. Biol. 
Chem., loc. cit., p. 234. 

Another characteristic effect which is produced in starfish eggs both by tem- 
porary warming and by temporary exposure to butyric acid solutions is the pre- 
vention of the maturation-process. Eggs exposed for some minutes to warm sea- 
water (e¢.g., 32°), within a few minutes after removal from the animals—.e., before 
the dissolution of the germinal vesicle has begun—remain permanently immature 
(Journ. Exper. Zoédl., 1908, Vol. 5, cf. p. 400). The same is true of eggs exposed 
similarly to butyric acid solution. This identity in the physiological effect pro- 
duced by the two apparently quite different treatments is a further indication that 
these high temperatures act by causing the production of acid within the egg. 
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position of two effects, one a structural alteration due directly 
to high temperature, the other a chemical combination of the 
acid with some cell-constituent. The second is the critical 
event in activation, but its rate is determined not only by the 
temperature but by the structural conditions in the egg-system. 

The action of butyric acid at 6° and lower also represents a 
summation of two activating influences, cold and acid. I shall 
deal with this case separately, and shall consider first the tem- 
perature-coefficients of the action of butyric acid between 8° 
and 28°, temperatures which by themselves have no activating 
effect. 


(a) Experiments with Butyric Acid Solution at 8° to 28°. 


It was shown in my two preceding papers! that the degree of 
activation (as indicated by the proportion of favorably developing 
eggs) resulting from exposure to a given solution of butyric acid 
at ordinary temperatures increases with increasing time of ex- 
posure up to an optimum. Exposures longer than this optimum 
are injurious and beyond a certain maximum simply cause 


cytolysis without activation. This rule holds for the action of 
butyric acid at all temperatures. The interval between the 
minimum for visible activation (membrane-formation alone) 
and the optimum decreases rapidly as temperature rises; at 8° 
this interval is approximately forty minutes, at 18° six to eight 
minutes, and at 28° less than one minute. A curve relating 
degree of activation (the percentage of eggs forming blastulz) to 
time of exposure may thus be constructed for each temperature. 
The form of this curve appears to be the same at all temperatures, 
although as just indicated the time-range which it occupies is 
shorter at higher temperatures. This behavior is consistent with 
the foregoing hypothesis that activation depends upon the pro- 
gressive formation of a reaction-product (acid plus egg-substance 
= activating-substance) to a critical local concentration or 
quantity, the rate of formation being a function of temperature 
and concentration of acid. 

According to this hypothesis, the interval between the be- 
ginning of exposure and the optimum ought to vary with tem- 


1 Loc. cit. 
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perature in accordance with the usual temperature-coefficient of 
reaction-velocities (Q:9 = 2 — 3.5). The experiments described 
below show that this is approximately the case for temperatures 
between 8° and 18°;' but with further rise in temperature the Qo 
values increase at a disproportionately rapid rate, indicating the 
entrance of some additional factor—probably the direct influence 
of the high temperature upon the egg-structure, as already indi- 
cated. The rate of activation under the influence of heat alone 
also increases very rapidly with risé in temperature (Qip = 200 
— 400).2_ Physical changes induced by heat in protein-containing 
systems—e. g., heat-coagulation or the melting of gelatine gels— 
show similarly high temperature-coefficients;? so that it seems 
probable that temperatures of the activating range (30° to 38°) 
produce their effects by altering the physical condition of the 
structural colloids in the egg-system, and that this change secon- 
darily facilitates or renders possible the chemical interaction 
upon which activation depends. In order toaccount for the above 
rise in the Qi» values at temperatures above 20° it seems necessary 
to assume that as the temperature approaches the region of 
heat-activation proper, the physical conditions become pro- 
gressively more favorable for the interaction of butyric acid with 
the egg-component—e. g., the resistance to the penetration of 
acid is lessened—so that the reaction is accelerated at a rate 
higher than can be explained by the influence of temperature 
upon reaction-velocity alone. 

A large number of experiments of the above kind were per- 
formed between May 30 and June 28, 1916. During this period 
at Woods Hole starfish eggs are abundant, and more uniform in 

1 Greeley (BIOLOGICAL BULLETIN, 1903, Vol. 4, p. 129) found with starfish 
eggs exposed to a mixture of 5 c.c. n/10 HCI plus 100 c.c. sea-water an approximate 
optimum at 23° of 5 minutes, at 11° of 15-30 minutes, and at 2° of 45-60 minutes. 
This indicates for the action of HCl a temperature-coefficient of a similar order. 
Loeb and Hagedoorn found a similar coefficient for the production of fertilization- 
membranes in sea-urchin eggs by butyric acid, the physiologically equivalent ex- 
posures being twice as long at 10° as at 20° (‘Artificial Parthenogenesis and Fer- 
tilization,”’ p. 146). The action of hypertonic sea-water shows a similar tempera- 
ture-coefficient (cf. Greeley, loc. cit., pp. 131-133; Loeb, loc. cit., p. 102). 

?R. S. Lillie, BroLocicaL BULLETIN, loc. cit. 

* Cf. Schroeder, Zeitschr. f. physik. Chem., 1903, Vol. 45, p. 75; Levites, Kolloid- 


Zeitschrift, 1907, Vol. 2, p. 211; Freundlich, ‘‘ Kapillarchemie,’’ 1909, p. 416; Chick 
and Martin, Journal of Physiology, 1910, Vol. 40, p. 404, and 1912, Vol. 45, p. 261. 





138 RALPH S. LILLIE. 


their behavior than later in the season. The general character 
of the results following simple exposure to butyric acid solutions 
for varying periods has already been described in my two pre- 
ceding papers: detailed descriptions of separate series are there- 
fore unnecessary, and the essential results can be presented most 
concisely in the form of tables. Table I summarizes the results 
of ten typical series of experiments at temperatures of 8° to 28°- 
The experiments are divided into two groups, A and B, one 
carried out early in June, the other two weeks later. My ex- 
perience of the last three summers has shown that the effective 
durations of exposure, both to warm sea-water and to butyric 
acid solution, are decidedly longer early in the breeding season 
(up to the middle of June) than later. This is illustrated by the 
two series of experiments at 18° in Table I.; thus on June 10 
the optimum exposure was about 14 minutes; two weeks later 
(June 24) it had fallen to about 6 minutes.' The physiological 
condition of the eggs used in each group may be regarded as 
approximately uniform, although certain individual differences of 
susceptibility are apparent. In both groups the condition of the 
eggs was good throughout, practically all eggs in the control 
dishes undergoing normal maturation and developing to larval 
stages after fertilization; but in the later group the physiologically 
equivalent exposures are on the average only about half as long 
as in theearlier. Experiments performed during the intervening 
period (June 13 to 21) show interfMediate conditions (see Table 
IV). 

The estimates of temperature-coefficients for a given temper- 
ature-interval (e. g., 8° to 10°) were always made from results 
obtained with a single lot of eggs; these eggs in nearly all cases 
came from a single animal. The eggs used in determining each 
temperature-coefficient thus form a homogeneous group. The 
total number of series of experiments, each with a separate lot 
of eggs, performed during the whole period of May 30 to June 
28 was twenty-three. Table IV at the end of the paper gives a 
summary of the character and essential results of all of these 
experiments. 

1 Compare the optima for the same concentrations of butyric acid given in 


Table III (June 7-13, 1915) and Table V (July and August, 1915) in my article 
in Journ. Biol. Chem., loc. cit., pp. 243 and 246. 
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In Table I the figures represent the approximate percentages 
of eggs forming free-swimming blastule with each exposure. 
The estimates of percentages were made in watch-glasses under a 
low power; a large number of eggs were used in making each 
estimate, collected at random from the bottom and sides of the 
dish. The probable error of such estimates is assumed to be 
about 5 per cent.; hence the values are given as approximations; 
this procedure appears to be as accurate as the conditions permit. 
There is always a clearly defined optimum in such a series; but 
often two and sometimes three successive dishes near the optimal 
region show equally good conditions, especially if the intervals 
between successive exposures are brief. In such cases the opti- 
mum used in calculating temperature coefficients is the arith- 
metical mean of the favorable exposures. For convenience in 
supervision the optima are printed in heavy type. 

Table II summarizes the results of the above experiments, and 
gives the temperature-coefficients for each series. The coeffi- 
cients are given as the ratios between the velocities at two 
temperatures 10° part (Qi values), in accordance with the usage 
customary in physiological literature. It is assumed that the 
velocity increases through the entire interval of 10° at the same 
proportional rate as through the observed interval of 2°; the 
value of Qyo is then (7,/Tn42)°, Tn and Ta+2 being the observed 
optimal times of exposure at the two temperatures.! Each 
value of Qi» is derived from observations made upon the same 
lot of eggs at the two temperatures. 

In each group the temperature-coefficient is seen to increase 
steadily as the temperature rises. The two groups are best 
compared if the Qi» values are placed side by side as in Table III. 

Further experimental data are given in Table IV at the end of 
the paper, which summarizes the results of all of last season’s 
experiments. In this table the experiments for each temperature 
are grouped together; the decrease in the effective times of ex- 

1 The temperature-coefficient as thus expressed is obtained from any pair of 


observations by the formula, 
10 


a i 
Qn = (3 


Vi, and Vt, being the velocities observed at the two temperatures é1 and ¢2. 
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Taaze Il. 
Group A. Gene 9-29). 





8°:35-40 min. 
18°: 9-12 min. 


8°:36—40 min. 
10°:32-36 min. 


10° :26—30 min. 
12°:22-26 min. 


14°: 22-24 min. 
16°: 18-20 min. 
18°: ca. 14 min. 


20°: 9 min. 
22°: 67 min. 


24°: 4 min. 


B. (JUNE 22-26). 





-24 min. 
—2I min. 


-I4 min. 


8 
8 -I0 
6-8 


5-6 
e- 6 
2$- 3 min. 
14- 2 min. 


2 min. 
I — 1} min. 


:¢@. I min 
:ca. 4} min. 


Savies. | TESGoaes Eapecuee «| Men Optimum. | Value of Ow. 


37-5 m. 
10.5 m. 


38 
34 


28 
24 


23 
19 


m. 





Tasie III. 
Values of 
A, June 9-12. 
1.75 
2.2 


2.6 
4-65 


5.0 
11.6 


B. June 22-26, 


2.0 


2.7 
3-55 


5.0 
6.4 
9-5 

10.5 

32. 
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posure with rise of temperature, and the tendency to a shortening 
of the reaction-time as the season advances, are both shown 
clearly. The date of each experiment is given, and each lot of 
eggs is designated by number so as to render possible comparison 
between different lots. It will be noted that im gemeral the tem- 
perature-coefficients between 8° and 18° are of the usual order 
of chemical reaction-velocities, but that above 18° they imcrease 
rapidly. The significance of this imcrease has already been 
considered. 


(b) Experiments at Temperatures Below 8°. 


In these experiments the sea-water and solutions used were 
first cooled at the required temperature, and then added to the 
beakers containing the eggs as before. The temperatures were 
kept constant during the period of the experiment by immersing 
the beakers in battery-jars containing cold water, together with a 
sufficient quantity of chopped ice to keep the temperature at the 
desired point. With proper care the fluctuations of temperature 
are slight under these conditions—usually less than a degree on 
either side of the temperature chosen, an approximation sufficient 
for the purpose of these experiments. 

Table V gives the results of three series of experiments with 
a single lot of eggs at 2°, 4°, and 6°. The eggs were placed, 
shortly before the separation of the first polar body, in the solu- 
tion of butyric acid (.006 m in sea-water) at the three temperatures, 
and portions were returned to normal sea-water at room tem- 
perature after exposures varying from 5-65 minutes. 


TABLE V. 


JUNE 13, 1916. EGGs From Two STARFISH. CONTROLS SHOW NORMAL MATURATION AND . 
NorRMAL DEVELOPMENT AFTER FERTILIZATION. 


Times of Enpesnse and Percentage of Eggs Forming Bist, 


Temperature, 


| 
5 M, | x0 M, | 15 M. | 2oM. | 25M. | 30 M. | 35 M. | 4oM. —— so M. vem. lgone| $5304 
‘4 | 
, | | } } 
Ser. A, 2°. .\ca. 1%| 2-3%|1-2% 3-4% 15-20 %|35~40 Zo) |a5-35%| 


Ser. B, 4°..| <1%ca. 5 %\5- 10 %| 15-20 %| |35-40%| 53-07%) 20-25 %| 
Ser. C, 6°. .! 3-4%|_1-2%|ca. §%\1$-20%| 30-40 %\ca. 90%|30-40%| ca. 's%ica. 1% ° 
With exposures of 35 minutes and longer a large proportion of the eggs undergo 
complete cytolysis (‘‘ghosts’’ next day), especially in Series A (A > B > C). 
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In each series the eggs show an optimum of activation with an 
exposure of about 30 minutes. The differences between the 
three series are not great; in each series over-exposure (35 minutes 
and longer) is followed by the complete breakdown and disin- 
tegration of a large proportion of eggs; by next day nothing is 
left of these eggs but a thin structureless residue (‘‘ghosts”’). 
This dissolution is much more complete than that resulting 
from moderate over-exposure to butyric acid at higher temper- 
atures. It will be noted that the proportion of eggs developing 
favorably with the optimum exposure is highest at 6° and lowest 
at 2°; i. e., the destructive effect is greater the lower the temper- 
ature. 

The higher rate of activation in these experiments, as compared 
with that observed at slightly higher temperatures (8° to 10°), is 
almost undoubtedly the expression of a summation of the two 
separate effects of cold and butyric acid. This is indicated by 
the results of exposure to normal sea-water at these temperatures. 
On June 14 eggs were exposed, under the same conditions as 
above, to normal sea-water at 2°, 4°, and 6°. The result was a 
typical though partial activation in each series; a large majority 
of eggs—not all—formed membranes and underwent irregular 
fragmentation and breakdown without further development. 
In each series a considerable proportion of eggs (about one third 
to one fourth) remained apparently unaffected, and later under- 
went the usual postmaturational coagulation without membrane- 
formation or development. Several other similar experiments 
yielded similar results. The above durations of exposure are 
evidently too brief for complete activation. With longer ex- 
posures (about 6 hours) a few eggs may form larve under these. 
or similar conditions.' Evidently low temperature alone may 
initiate the activation-process; hence with cold and butyric acid 
combined the rate of activation may be more rapid than with 
butyric acid at the higher temperatures of 8° and 10°, which by 

1 In Greeley's experiments (loc. cit., 1902) the best results were obtained when 
the eggs were exposed, beginning three to four hours after the completion of matur- 
ation, for six to nine hours to temperatures of 4°-5°. The highest proportion of 


larve obtained was 20 per cent.; usually only 1-2 per cent. of eggs formed itarve. 


The period after maturation is completed is in general unfavorable for activation in 
starfish eggs. 
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themselves have no activating effect upon these eggs. Eggs 
exposed on June 15 to sea-water at 8° and 10° for periods ranging 
from 5 to 50 minutes showed no signs of activation. 

The rate of activation under the influence of low temperature 
alone is very gradual. Out of eight additional series of experi- 
ments with cold normal sea-water (4° to 5°), performed at differ- 
ent times up to July 19, and in which the longest exposures were 
respectively 44, 8, 6, 72, 8, 7, 7, and 6 hours, only one yielded 
any swimming larve; in this series (July 2) about one per cent. 
of the eggs formed blastule after exposures to sea-water at 1° 
to 3° for 7 hours (see Table VI). In the other series the only 
evident effect was the formation of fertilization-membranes in a 
variable proportion of eggs, followed by irregular changes of 
form and breakdown; with the longer exposures a certain pro- 
portion of eggs cleaved in some experiments, but none developed 
further. 

It had previously been observed that the addition of alcohol 
caused a decided acceleration of the activation-process in butyric 
acid solution or warm sea-water. For example, in sea-water 


containing 3 or 4 volumes per cent. C,H,OH the exposure to 
.003 ” butyric acid required to cause a majority of eggs to form 
blastule was shortened from 7 or 8 minutes to about 3 minutes." 
This result suggested the possibility that the rate of activation at 
low temperatures might similarly be increased by the presence 
of alcohol. The experiments described in Table VI show that 
this is the case. 


It is clear that activation at low temperatures as well as at 
high temperatures is favored by the presence of alcohol. In 
solutions of the above concentrations, alcohol, acting alone at 
ordinary temperatures, has no evident effect; eggs exposed on 
June 29 to.4 vols. per cent. alcohol at the three temperatures 
18°, 22°, and 25°, for periods ranging from 2 to 24 minutes, 
showed neither membrane-formation nor development. The 
favorable effect in the above series is thus due not to the direct 
activating influence of the alcohol; but to a facilitation or acceler- 
ation of the activation-reaction, which takes place spontaneously 
though slowly at these low temperatures. It seems probable 


1R. S. Lillie, Jour. Biol. Chem., loc. cit., p. 246, footnote. 
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that the alcohol alters the colloidal substratum in such a manner 
_ as to increase the diffusion-rates of the interacting substances; at 
least some change in the structural or catalytic conditions deter- 
mining reaction-velocities is indicated. The terms facilitation 
and sensitization merely describe or classify the effect without 
throwing any further light upon its physico-chemical nature. 


TABLE VI. 


July 1. Eggs from one starfish were placed in (A) cold normal sea-water, and 
(B and C) cold sea-water containing respectively 3 and 4 vols. per cent. ethyl 
alcohol. The eggs were kept in flasks immersed in an ice-water bath; the temper- 
ature of each flask was about 3° (varying between 2° and 4°). At intervals of 2, 
4, 6, and 8 hours eggs were transferred to sea-water at room temperature. 

The majority of control eggs (i. ¢., unfertilized and sperm-fertilized eggs at 
room temperature) showed normal behavior. Results were as follows: 


Expocure.| 4. Normal Sea-water. B. 3 V.4 CHHOH. C. 4V.$CsH,OR. 


1. 2h. |Most eggs form mem-|All eggs form mem- All form membranes; a 
branes and break! branes;4orsblastule| few blastule. 
down. | found. 
Same as A 1; no blastu-|/A few blastule. Ca. 4-5% of eggs form 
le. blastul. 


. 4h. 
3. 6h. |No blastule. |A few blastule. Ca. 15-20% blastule. 
4. Sh. 


Noblastule;somecleav-/Blastule more numer- Ca. 30-35% blastule. 
__ ages. _| ous; ca. 12%. 


The results of a similar experiment on July 2, with 4 and 5 
vols. per cent. alcohol, were as follows: 











pores, | 4+ Normal Sea-water. |B. 4V.$ CaHVOH. C. 5 ¥.$ CaHOH. 


Ss 
I.r h. |20-25% of mature eggs|All mature eggs form|Membranes in all ma- 
form membranes; one| membranes; 10 to} ture eggs; Ca. 10- 
| blastula found. | 315% blastuleformed.| 15% blastule. 
. Like Ar; a few blastulz.\Ce. 25-35 % bilastulzx. - 35-45% bilastale. 
. |Like A 2. \Ca. 30-40% blastule. |Ca. 70-80% blastule. 
. |Blastule more numer-/Ca. 10-15% blastule. |Ca. 30-40% blastule. 
| @us; ca. 1%. | 


The essential question is why low temperatures should so alter 
the conditions within the cell as to render possible the activation- 
reaction. That cold may cause definite structural changes in 
many cells, leading to cytolysis or other characteristic effects, 
is well known. Such effects are often found at temperatures well 
above the freezing-point, e¢. g., the fatal action of sub-normal 
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temperatures upon tropical marine animals' or warm-blooded 
vertebrates. Greeley describes protoplasmic condensation and 
loss of water in Stentor and other organisms as a result of pro- 
longed exposure to low temperatures (6° and lower in most of 
his experiments), and he calls attention to various resemblances 
between the effects produced by cold and by hypertonic solu- 
tions.? It does not seem probable, in the light of more recent 
knowledge, that the activation following the exposure of star- 
fish eggs to cold and to hypertonic sea-water respectively can 
be referred directly to the same cause, namely, loss of water, as 
Greeley supposed ; but the evidence that a lowering of temperature 
below a certain critical point produces definite structural alter- 
ations has an obvious bearing on the present problem. In the 
case of high temperatures (above 30°) the activating influence is 
probably to be referred to structural changes in the protoplasmic 
system, as the temperature-coefficients indicate; and the same 
appears to be true for cold. Changes in the physical condition 
of the structural colloids—e. g., gelation, dehydration, altered 
aggregation-state—may alter locally the permeability or other 
properties of the protoplasmic system (e. g., of membranes or 
other barriers to diffusion), and thus render possible interactions 
which are not possible at ordinary temperatures. This seems 
to be the most consistent general explanation for the fact that in 
the starfish egg temperatures both above and below a certain 
range, 8° to 28°, may induce activation. This range may be 
regarded as corresponding to the range of stability of the struc- 
tures concerned. 
GENERAL DISCUSSION. 


The phenomena under consideration in the present paper 
exhibit many features in common with those accompanying or 
conditioning cytolysis in other cells. Cytolysis in weak solutions 


1 The tropical medusa Cassiopea shows an interesting parallel to the conditions 
in starfish eggs. The animals may be cooled to 9.5° and recover, if immediately 
returned to sea-water at the normal temperature of 29°; but if cooled to 7° or 8° 
there is no recovery; some irreversible change is produced and the tissues disinte- 
grate on return to warm water (E. N. Harvey, “ Effect of Different Temperatures 
on Cassiopea,”’ Carnegie Institution Publications, 1910, No. 132, p. 32). 

2 Greeley, Amer. Journ. Physiol., 1902, Vol. 6, p. 122; BIOLOGICAL BULLETIN, 
1903, Vol. 5, p. 42. 
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of acids and bases, as well as under the influence of high temper- 
atures, is a phenomenon of general occurrence, and its conditions 
resemble closely those already described as determining the rate 
and character of activation in starfish eggs. Both processes 
require time, and end in structural alterations of a definite kind; 
in the egg membrane-formation is the first visible change, which 
may be followed by development; in cytolysis the essential effect 
appears to be an alteration of the surface-layer or plasma-mem- 
brane of the cell; this structure loses its normal insulating or semi- 
permeable properties, with the result that the diffusible cell- 
constituents pass into solution in the surrounding medium; the 
cell then disintegrates. The physico-chemical conditions of 
cytolysis have been investigated most completely in red blood- 
corpuscles, and exact data are available with reference to the 
influence of both the concentration of the hemolytic agent and of 
temperature upon the rate of hemolytic action. Many facts 
indicate that a change similar in kind to that underlying cytolysis, 
only reversible and of brief duration, forms a primary feature of 
both normal and artificial activation. According to Loeb an 
incipient or superficial cytolysis is the first stage in the chemical 
activation of sea-urchin eggs;' and this view has been substanti- 
ated by a large number of investigations, which have shown that 
cytolytic agents of the most varied kind, chemical and physical, 
may cause parthenogenesis. 

All of this evidence indicates that the initial change in the 
activation of the resting egg is superficial, and associated with a 
general increase in the permeability of the egg-surface to water- 
soluble substances and water.? One general consequence of 
such a change is electrical depolarization; and from the analogy 
with the phenomena.of stimulation it seems probable that this 
electrical variation, as such, forms the critical change of condition 
by which the course of the metabolic processes in the egg is so 
modified as to initiate development. Structural and metabolic 
alterations go hand in hand and mutually influence each other, 
as has lately been especially emphasized by Child;* and the ini- 


1 J. Loeb. “‘ Artificial Parthenogenesis and Fertilization,”’ Chapter 17. 

? Cf. my recent paper in Amer. Journ. Physiol., 1916, Vol. 40, p. 249. 

*C. M. Child, ‘“‘ The Regulatory Processes in Organisms," Journal of Morphology, 
t911, Vol. 22, p. 173; of. also “‘Semescence and Rejuvenescence,”” University of 
Chicago Press, 1915, especially Chapters 1 and 2. 
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tiation of development in unfertilized eggs through a slight 
change in the physical state of the surface-film offers perhaps the 
clearest illustration of this principle. The general conditions of 
cytolysis have thus an intimate bearing upon the question of the 
nature of the initial process in activation. 

Arrhenius and Madsen have studied by exact methods the 
conditions of hemolysis in weak solutions of acids and bases.! 
Their experiments with ammonia offer perhaps the closest analo- 
gies to the above experiments with starfish eggs. The rate of 
hemolysis has been found to be directly proportional to the 
concentration of ammonia, and to increase at a rapid rate with 
rise of temperature. They conclude that the hemolytic effect 
depends upon a chemical reaction of the monomolecular class. 
Evidently this reaction must proceed to a certain stage before 
the corpuscles are sufficiently altered to release their hemoglobin. 
The times required to produce at constant temperature (c°) a 
definite degree of hemolysis by different concentrations of am- 
monia are given in the following table.” 


TABLE VII. 


Time of Action Required for a Given Per Cent. of Haemolysis 
' o- (in Minutes), 
C meentration of NHg (2). 


20 %. 30 %. 4° %. 








-OOI n. 


35 m. 44 m. 53 m. 
-00227. 


I5 m. 18 m. 23 m. 


.00435.... 9 m. I2 m. 14 m. 


.0075. 4m. 6.2 m. 8 m. 


The numbers in the vertical columns show that the rate of 
hemolytic action is directly proportional to the concentration 
of ammonia (gf = const.). In the horizontal columns the re- 
lations between time of action and degree of hemolysis are 
shown for each concentration of ammonia; these relations are 
also similar to those between time of exposure and degree of 
activation in starfish eggs; for example, in the experiment of 
June 10 at 14° (Table I) the proportion of fully activated eggs 
with exposures of 14, 16, 18, and 20 minutes were respectively 


Cf. Arrhenius, “‘ Immunochemistry,”” Macmillans, 1907, Chapter 4; also “‘Quan- 
titative Laws in Biological Chemistry,” London,. Bell and Co., 1915. 
*““Immunochemistry,”’ p. 101; “Quantitative Laws,” p. 64. 
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IO-I5 per cent., 25-30 per cent., 40-50 per cent., and 50-60 
per cent.; compare (e. g.) the proportion of corpuscles hemolyzed 
by .00227 nm NH; in 10, 15, 18 and 23 minutes, viz., respectively 


10, 20, 30, and 40 per cent. The influence of temperature upon 
the rates of the two processes is also of the same general kind, 
although certain differences are seen: in both cases the average 
value of the temperature-coefficients is greater than that of 
typical chemical reaction-velocities; but in hemolysis the vari- 
ability of the coefficient with change of temperature is less, and 
its value decreases with increase in the effective time of action.* 
The agreements, however, are sufficiently close to indicate that 
the same kind of process lies at the basis of both effects,—con- 
sisting apparently in the progressive combination of the acid or 
base with some cell-constituent until a certain critical quantity 
or local concentration of reaction-product is formed. Arrhenius 
also infers a chemical binding of the hemolyzing acid or base to 
some substance in the erythrocytes. 

In general we may conclude that in both cytolysis and the 
activation of the egg-cell the characteristic effect depends pri- 
marily upon the formation and accumulation of a reaction- 
product whose presence is the cause or condition of some definite 
physical change of state or structural alteration in the cell-system, 
especially in the surface-layer. In the egg-cell the structural 
conditions under which the normal metabolic reactions take 
place are modified, and the course of metabolism is changed; 
development then proceeds. In either type of cell, if an insuf- 
ficient quantity of the activating substance is formed—as by too 
brief exposure—the effect is incomplete or fails to appear; thus in 
order to liberate hemoglobin from erythrocytes by means of a 
given solution of ammonia at a constant temperature, a certain 
minimal time of exposure is required; with briefer exposures no 
visible effect is produced. We have seen that in the starfish egg 
exposures briefer than the optimum may produce visible effects 
(membrane-formation, imperfect cleavage, etc.) indicating a 
partial degree of activation; in the case of hemolysis it is also 
to be assumed that brief exposures cause a partial cytolytic 
effect, which however is insufficient to liberate hemoglobin and 


2?““Immunochemistry,”” pp. 107 seq.; “Quantitative Laws,”’ pp. 65 seq. 
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hence escapes observation. The egg differs from the erythrocyte 
in showing definite evidence of an incomplete reaction, but in 
other respects the conditions in the two kinds of cell are‘alike. 
All of the conditions indicate that in activation as in cytolysis 
the primary reaction takes place at the cell-surface. This view 
is confirmed by the promptness with which the course of the 
activation-process in butyric acid solution can be arrested at any 
desired stage by a return to sea-water. It seems clear that com- 
bination of the acid with some surface-component is concerned; 
a difference of half a minute or less in the time of exposure to 
.006 » butyric acid, especially at higher temperatures (24° and 
over) may make all of the difference between incomplete and 
complete activation, or between activation and destruction of 
the egg. In its prompt initiation in the solution of acid and its 
equally prompt arrest by return to sea-water the activation- 


reaction resembles closely the type of response characteristic of 
sensory structures like taste-buds or other chemical receptors in 
normal chemical stimulation. Crozier has recently reached the 


conclusion that in this case also stimulation is the result of a 
chemical surface-interaction.' Here again the existence of a 
far-reaching parallelism between the process of stimulation and 
the activation of the egg-cell is indicated. It appears probable 
that advance in the general physiology of stimulation will 
furnish the key to the interpretation of the activation-process. 

The high temperature-coefficients of heat-cytolysis and of 
heat-activation in eggs indicate clearly that alterations of certain 
structural colloids of the cell lie at the basis of these effects. 
Reactions are thus enabled to take place in the egg which in 
some manner lead to the initiation of development. The initial 
chemical reaction in heat-activation is probably simple in char- 
acter and similar to that of acid-activation, as already suggested. 
Apparently this reaction forms the condition of some definite 
structural change in the egg-system; this change is followed by the 
series of developmental changes. 

It is possible that an autolytic process may form the first step 

1 I. e., the time required for stimulation is much shorter than that required for 


visible penetration of the acid into the cell-interior; cf. W. J. Crozier, Jour. Biol. 


Chem., 1916, Vol. 24, p. 255; of. pp. 270 seg.; Journal of Comparative Neurology, 1916, 
Vol. 26, p. I. 





152 RALPH S. LILLIE. 


in the metabolic sequence conditioning development. This is 
suggested not only by the fact that autolysis typically leads to 
structural breakdown and cytolysis, but also and more especially 
by its being characteristically furthered by many of the general 
cytolytic and parthenogenetic agents, such as lipoid-solvents, 
acids and high temperatures. Ether, chloroform and alcohol 
greatly accelerate the autolysis of liver-cells and shorten the 
latent period of the process;! and acids, including COs, are well 
known to have the same effect. Chiari attributes the effect of 
lipoid-solvents to an increase of protoplasmic permeability, 
allowing readier diffusion of enzymes and the other substances 
concerned. There is also evidence that autolytic processes 
underlie various structural and other physiological changes, some 
of which are of a kind frequently met with in development, e. g., 
atrophic changes* (to which are related normal regressive proc- 
esses like the involution of the uterus and the resorption of 


1 Chiari, Arch. f. exper. Path. u. Pharm., 1908, Vol. 60, p. 256; cf. also Yoshimoto, 
Zeitschr. f. physiol. Chem., 1908, Vol. 58, p. 341. 

2Cf. Hedin and Rowland, Zeitschr. f. physiol. Chem., 1901, Vol. 32, p. 241; 
Schryver, Biochemical Journal, 1906, Vol. 1, p. 123; Arinkin, Zeitschr. f. physiol. 
Chem., 1907, Vol. 53, p. 192; Bellazi, ibid., 1908, Vol. 57, p. 389; Yoshimoto, ibid., 
1908, Vol. 58, p. 341; Bradley, cf. footnote page 153. Bellaziand Yoshimoto describe 
experiments with COs. Cf. also Lacqueur, Zeitschr. f. physiol. Chem., 1912, Vol. 
79, p. 82; Lacqueur finds that carbon dioxide promotes and oxygen checks the 
autolysis of liver-cells. According to Lyon and Shackell (Journal of Biological 
Chemisiry, 1909, Vol. 7, p. 371) acetic acid promotes the autolysis of sea-urchin eggs. 

It should be noted that in the activation of eggs by acid the visible effects of 
the treatment do not appear at once, but only after the eggs have been returned 
to normal sea-water; this shows that for the initiation of the membrane-forming 
process time is required, representing possibly the latent period of the enzyme 
action. Hedin’s observation that a temporary treatment of various tissues with 
acetic acid greatly increases the subsequent rate of autolysis—i. e., the autolysis 
is decidedly more rapid in previously treated than in untreated portions of tissue 
under otherwise similar conditions, and even in presence of alkali—may have a 
bearing here (Cf. Hedin, Festkrift O. Hammarsien, Upsala, 1906; also Rhodin, 
Zeitschr. f. physiol. Chem., 1911, Vol. 75, p. 197). Hedin ascribes this result to the 
destruction of an inhibitory substance by the acid. This suggests the possibility 
that in the activation of eggs by acid the deciding factor may be the destruction 
of an antibody (anti-protease?) in the egg-cortex; an activation so induced would 
be irreversible (as seems in fact to be the case). This view, however, does not seem 
consistent with the observed relations between concentration of acid and time of 
action, as described above (see footnote on page 132). The question as to the precise 
conditions of acid-activation is evidently an open one. 

8 Cf. Jacoby, Zeitschr. f. physiol. Chem., 1900, Vol. 30, p. 174. 
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larval structures in metamorphosis), and the translocation of 
reserve materials; the utilization of tissue-proteins in starvation 
also appears to be dependent upon autolysis.' 

The recent studies of Bradley and his associates have thrown 
an interesting light upon the conditions under which acid pro- 
motes autolysis of liver-cells.2 Apparently the acid does not act 
simply by rendering the reaction favorable to the activity of the 
cell-proteases, for increasing the acidity does not necessarily 
increase the hydrolysis of all proteins;? moreover certain foreign 
proteins like gelatine or peptone are readily digested in neutral 
or slightly alkaline solution in which the liver-proteins resist 
digestion. It would appear that the intracellular proteases are 
capable of activity under these conditions, provided they are 
furnished with the appropriate substrate. The essential action 


1 Cf. Lane-Claypon and Schryver, Journal of Physiology, 1904, Vol. 31, p. 169; 
Schryver, Biochemical Journal, loc. cit. In “Senescence and Rejuvenescence,”’ 
Chapter 2, Child calls attention to the general importance of the process of reduc- 
tion or regression during development and regeneration. Regarded in the purely 
chemical sense, regression is the reverse of construction; strictly speaking, both 
processes are constantly and simultaneously at work in any living organism; it is 
only when regression exceeds construction that the substance of the organism 
undergoes visible decrease. Local regressive changes of this kind appear always 
to accompany regeneration; the translocation of mater al from one part to another 
is a necessary condition of the process; and such evidence as we possess indicates 
that autolysis is an important factor in any local structural breakdown which 
furnishes the material required for construction elsewhere (cf. Schryver’s observa- 
tions on the increased rate of autolysis in the livers of fasting animals, loc. cit.). 
It must be admitted, however, that this evidence is deficient in many 1espects 
(cf. Morse, Amer. Journ. of Physiol., 1914, Vol. 36, p. 145), and it seems likely 
that the essential factors in the disintegration as well as in the building up of 
structure are unknown at present. The possible réle of autolysis in regeneration 
has been discussed recently by Loeb (‘‘ The Organism as a Whole from the Physico- 
chemical Viewpoint,’’ Putnams, 1916, p. 178); if autolysis is a factor in regenera- 
tion, we may safely assume that it is important in developmental processes in 
general, including the development of the organism from the egg, and in this case 
probably from the very first, as suggested in the hypothesis put forward in the text. 

? Bradley and Morse, Journal of Biological Chemisiry, 1915, Vol. 21, p. 209; 
Bradley, ibid., 1915, Vol. 22, p. 113; Bradley and Taylor, ibid., 1916, Vol. 25, pp. 
261, 363. 

* The liver proteins are very sensitive to increase of acidity (Bradley and Taylor, 
loc. cit., 1916, p. 262), but foreign proteins added to the autolyzing mixture may or 
may not show increased digestion under these conditions; e:g., the digestion of egg 
albumin is greatly increased by acid, while that of casein and peptone remains un- 
altered; MnCl: promotes the digestion of liver-proteins, but not that of egg-albumin. 
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of the acid consists rather in altering the character of the normal 
proteins of the cell, and rendering these a favorable substrate for 
the proteases present. The autolytic process is thus activated 
by the addition of acid; the increase in the rate and extent of 
autolysis is roughly proportional to the amount of acid added.! 

If this interpretation is applied to the case of the activation 
of the starfish egg by butyric acid, certain interesting possibilities 
appear. The acid appears to act by combining chemically, as 
already seen. If we assume that it forms a combination with 
some structure-forming protein, which then becomes hydrolyz- 
able by some enzyme present, the above facts appear in a clearer 
light. The transformation of a certain definite quantity of this 
protein into substrate for the enzyme would then form the con- 
dition for complete activation. The rate of this transformation 
would correspond to the rate of the activation-process and would 
be proportional to the concentration of acid. We suggest, there- 
fore, that acids cause activation by forming a hydrolyzable com- 
bination for some intracellular enzyme, probably one of well- 
defined specificity. The activating influence of high tempera- 
tures also becomes intelligible on this hypothesis, and may be 
referred to the production of an acid (e. g., lactic) which then 
combines to form the hydrolyzable substrate; the similarity in 
the time-relations of heat-activation and acid-activation is thus 
explained. The autolysis following this combination would 
constitute the first step in development. 

What is most significant from the standpoint of the general 
physiology of development is the evidence that a structural modi- 
fication, in itself apparently simple, is sufficient to alter the 
whole course of egg-metabolism in a definite and predetermined 
manner. We must recognize that development is essentially the 
expression or outcome of a complex chain or nexus of metabolic 
processes, which is released by the activating reaction. Evi- 
dently these processes include chemical interactions and syn- 
theses of a highly diversified and specific kind; these latter deter- 
mine the specific character of the development in any instance. 
Regarding their precise nature we are almost completely ignorant 
at present. But however complex and unanalyzable the whole 


1 Bradley and Taylor, loc. cit., 1916, p. 274. 
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developmental sequence may appear, its initiation is almost 
certainly dependent upon some slight and non-specific and 
primarily structural alteration in the egg-system. 

In the orderly progress of development from one stage to the 
next we must similarly assume at every stage a similar inter- 
dependence between the existing structural conditions and the 
rate and character of the form-determining as well as other metab- 
olism. Each step in advance is thus largely a consequence of 
the immediately preceding structural modification, and in its 
own turn furnishes the structural conditions determining the 
next step. From this point of view the unification of the whole 
developmental sequence would seem to be conditioned, at least 
in its main features, by specific structural peculiarities, repre- 
sented at the beginning of development by the inherited organ- 
ization of the germ. This determines at the start—assuming 
normal external conditions—the course of the ensuing trans- 
formations, and hence the special kind of structure arising at 
each successive stage of development. Structure, however, is 
not alone to be considered; the germ is a metabolizing system, 
and the soluble and diffusible (non-structural) materials formed 
in metabolism undoubtedly also play an essential part, probably 
chiefly of a controlling or regulative kind (e. g., as hormones). 
And since throughout development there is always this reciprocal 
interdependence between structure and metabolism, it is clear 
that such materials—which presumably change continually in 
their character as development proceeds—must influence at 
every stage the nature of the metabolic transformations and 
hence of the organized structure which is being built up. It 
seems further probable that the destruction or removal of in- 
hibiting or injurious or anticatalytic compounds, as well as the 
formation and activation of specific catalysts (enzymes), is con- 
cerned in the developmental process from the very first.’ In 
brief, the metabolism of the developing germ must be regarded 
as differing not qualitatively but only in certain of its quantitative 
aspects—especially in the predominance of growth and formative 
processes—from that of the adult organism. 


! This is indicated (e.g.) by the existence in the sea-urchin egg of an antibody for 
the sperm-agglutinin or ‘‘fertilizin’’ (F. R. Lillie, Journal of Experimental Zodlogy, 
1914, Vol. 16, p. 544). 
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As Child has expressed it, one chief problem in the physiology 
of development is to determine how metabolism produces struc- 
ture.' The converse problem of how structure influences meta- 
bolism is equally important. The course of structural modifica- 
tion as development proceeds is orderly; to this must correspond 
a similarly orderly alteration in the character of the chemical 
transformations which furnish at the same time both the energy 
and the material for development. Another consideration is 
important here. Corresponding to the increasing structural 
diversity with advance in development there is an increasing 
chemical diversity; of this we have already ample evidence; 
hence the need for special mechanisms of integration and coérdi- 
nation, both structural and chemical, must become greater with 
each advance in development. Presumably the development of 
these mechanisms runs parallel with the development of the 
organism asa whole. The continued and stable existence of the 
latter at any stage in its life-history—of the embryo as well as 
of the adult—is in fact contingent upon the uninterrupted and 
adequate working of these regulatory processes. In this respect 
also the developing germ differs in no essential manner from the 


adult organism. The physiological problems presented by the 
organism at different developmental stages differ in degree 
rather than in kind. From the egg to the embryo and from the 
embryo to the adult the transitions are continuous; the physiology 
of maintenance and the physiology of growth and inheritance are 
at bottom the same. 


1 Journal of Morphology, loc. cit., p. 193. 
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TABLE IV. 


OptTrmuM TIMES OF EXPOSURE TO .006 » Butyric Acip IN SEA-WATER AT DIFFER- 
ENT TEMPERATURES. 


~ - = ; = —— 
‘ ; E 

Number of Lot| Rangeof | Optimum Exposures Sa ae 

and Date, Exposures. | with Results. 


(# Blastule ). 
Minutes | Min.,% blastule 


2,Jume 9 | 3-54 35-40 (85-90) | 30 m. (70-80); 46 m. (60-70) 


6.2 4-48 36-40 (85-90) 32 m. (70-80); 44 m. (65-75) 

0? ee 3-45 30-40 (?) 27 m. (?); 45 m. (?) 

a oe 3-36 21-27 (20-35) 18 m. (15-20); 30 m. (few) 

23, “ [26 3-36 21-24 (50-60) 18 m. (30-40); 27 m. (30-40) 
Cd 


3, June 9 3-35 26-30 (ca. 95) 22 m. (80-90); 35 m. (ca. 90) 
"> 4-48 28-36 (80-90) 24 m. (60-70); 40 m. (70-80) 
a, 3-36 24-36 (ca. 50) 21 m. (40-50); 

S278 3-33 ca. 18 m (40-50) | 15 m. (35-45); 21 m. (35-45) 
a 3-30 18-21 (65-75) 15 m. (55-60); 24 m. (25-35) 


2, 9 3-35 18-26 (ca. 95) 15 m. (80-90); 30 m. (ca. 90) 
9, 16 3-36 | 21-24 (50-60) 18 m. (40-50); 27 m. (ca. 50) 
15, 20 3-30 | 12-15 (50-60) 9 m. (10-15); 18 m. (20-30) 
23, “ 326 2-22 8-12 (70-90) 6 m. (25-35); 14 m. (ca. 75) 


4, 10 2-26 22-24 (70-80) 20 m. (50-60); 26 m. (ca. 70) 
10, 17 I-12 >12 m. (opti- 12 m. (15-20); 
mum not reached) 
12, 19 2-22 ca. 14 m. (65-70) | 12 m. (30-40); 16 m. (40-50) 
oe 2-22 ca. 14 m. (70-80) | 12 m. (65-75); 16 m. (ca. 50) 
22, 26 2-20 ca. 10 m. (80-85) 8 m. (60-70); 12 m. (ca. 50) 


4, 10 2-22 18-20 (75-85) 16 m. (70-80); 22 m. (70-80) 
10, 17 I-I2 >12 (optimum 
not reached) 12 m. (60-70) 
i °°" 2-18 ca. 10 (85-90) 8 m. (45-50); 12 m. (70-80) 
: 20 2-18 ca. 10 (85-90) 8 m. (35-40); 12 m. (65-70) 
26 2-18 6-8 (70-85) 4m. (ca. 50); 10 m. (15-20) 


8 2-24 10-12 (80-90) 8 m. (65-75); 14 m. (60-70) 
9 3-26 9-12 (90-95) 6 m. (65-70); 15 m. (20-30) 
10 2-18 12-14 (75-90) (50-60); 16 m. (ca. 80) 
17 I-12 9-10 (70-85) 8 m. (65-76); 11 m. (50-60) 
19 2-14 ca. 8 (85-90) | 6m. (65-75); 10 m. (40-50) 
20 2-14 6-8 (70-80) | 4m. (ca, 10); 10 m. (40-50) 
24 I-9 5-6 (80-90) | 4m. (60-70); 7 m. (70-80) 


I-12 5-6 (70-90) 4m. (40-50); 7 m. (60-70) 
I-10 8-9 (90-95) 7 m. (60-70); 10 m. (ca. 90) 
6-7 (ca. 95) 5 m. (80-90); 8 m. (80-90) 
3-4 (ca. 95) | 2m. (30-35); 5 m. (70-80) 
ca. 4 (ca. 50) |} 2m, (20-25); 6m. (25-35) 
3-4 (90-95) | 2m. (15-20); 5 m. (80-90) 


3-4 (ca. 90) | 2m, ( 2-3); 5 m. (20-25) 
6-7 (ca. 95) 5 m. (70-80); 8 m. (ca. 90) 
ca. 4 (ca. 95) | 3m. (80-90); 5 m. (ca. 90) 
2-3 (80-90) | Im. (1-2); 4 m. ($10) 
3-33 (65-75) 24 m. (60-70); 4m. (50-60) 
2-3 (75-90) 14 m. (35-40); 34 m. (60-70) 
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THE BEHAVIOR OF SOME SOIL INSECTS IN GRAD- 
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I. INTRODUCTION. 

The study of experimental ecology has started only within 
comparatively recent years and very little work has been done 
upon the relation of evaporation to the life economy of animals. 
The importance of the rate of evaporation as an environmental 
factor has been discussed by Shelford (’14a, b, c). Since eva- 
poration is determined by the rate of air movement, humidity, 
temperature, pressure, and indirectly by illumination, it serves 
as an index of the general weather conditions. By varying any 
one of the factors controlling it, the rate of evaporation will be 
changed. The purpose of this paper is to show the behavior of 
some soil insects in evaporation, carbon dioxide, and ammonia 
gradients under experimental conditions. 


Il. MertHop oF Stupy AND MATERIAL. 
1. Method of Study. 


The method and equipment used in establishing the evapora- 
tion gradients was essentially the same as that described by 


1 Contribution from the Zoélogical Laboratory of the University of Illinois, No. 83. 
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Shelford and Deere (’13), except for the method of measuring 
and controlling the rate of air flow. This is new and will be 
described in some detail. The supply of air was secured from 
the University high pressure supply and was reduced from about 
80 pounds to 5 pounds by a Mason reducing valve, which gave a 
constant pressure irrespective of the amount of air used. At 
room temperature, about 70° F., the air had a relative humidity 
of 18 to 20 per cent. The moisture was removed from the air 
by passing it through sulfuric acid filters, then through a glass- 
wool filter to remove any trace of the acid, a coiled aluminum 
pipe to regulate the temperature, and finally to the apparatus 
for controlling the rate of air flow. The sulfuric acid filters 
consisted of six chloride jars, 18 by 3 inches, filled with moder- 
ately fine pumice stone saturated with sulfuric acid. The medium 
moist air and saturated air was passed through glass-wool filters 
and then moistened by blowing it over or bubbling it through 
water in wash bottles. By passing the air into the bottles through 
glass tubes and regulating the height of the opening above the 
water almost any per cent. of saturation could be obtained. 
From the wash bottles the air passed through coiled aluminum 
tubes for regulating the temperature and then to the apparatus 
for regulating the rate of air flow. 

The experimental cage for observing the behavior and modi- 
fication of the insects, and the glass tubes for testing their re- 
sistance to evaporation and gases, were the same as those de- 
scribed by Shelford and Deere (’13). The experimental cage 
was 30 cm. long, 6.5 cm. wide, and 2.5cm. deep. The glass tubes 
were each 21 cm. long and 3.2 cm. inside diameter. The lower 
third of each tube was filled with paraffin upon which sand had 
been sifted while it was still warm. From each of the tubes the 
air passed to a chamber containing a Livingston porous cup at- 
mometer so that the evaporation could be recorded while the 
animals were being observed. For testing the relative humidity 
of the air two long chemical thermometers, graduated to 0.5 of 
a degree, were inserted with the bulb end inside a glass tube 
about 20 centimeters long and 2 centimeters in diameter, through 
which the air was allowed to flow. The wet bulb thermometer 
was provided with a wick which connected with a vial of distilled 
water. 
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Glass Y’s were inserted in each air line between the aluminum 
coils and the apparatus for regulating the air flow. By means of 
these Y's, cross connections of the different air lines could be made 
or carbon dioxide could be introduced into the air. The carbon 
dioxide was obtained from a tank of compressed carbonic acid 
gas. The pressure was reduced and regulated by the use of a 
pressure reducing valve. The gas passed from the pressure 
gage through a rubber tubing to a two-way valve. By regulating 
the size of these openings different proportions of the gas could 
be passed into any two of the three air lines. The percentage of 
carbon dioxide in the air was determined by collecting the mix- 
ture in a burette over water and absorbing the carbon dioxide 
with a solution of sodium or potassium hydroxide in a Hemple 
pipette. Only a little work was done with ammonia and no 
method was used for determining the per cent. in the air. Dif- 
ferent gradients of ammonia air were secured by bubbling the 
air in each of two lines. through water bottles containing 1,000 
c.c. of water to which had been added 30 c.c. and 60 c.c. respec- 
tively of a 1/10N solution of ammonia. Air from each of these 
lines turned moist litmus paper in a few seconds. 

The apparatus for measuring and regulating the air flow, in the 
different thirds of the cage, is new and was designed by Professor 
V. E. Shelford and the writer. The principle involved is that 
of measuring, by means of an inclined manometer, the static 
pressure produced in a box or cylinder when the outlet is smaller 
than the inlet. The apparatus, Fig. 1, consists of three similar 
parts, one part for each third of the cage. The air enters the 
cylinders through the back, first, however, passing up to the top 
of the back-board where there is a screw-clamp for regulating 
the flow. Fig. 2 is a diagrammatic longitudinal section of the 
cylinder showing its connections with the inclined manometer. 
The cylinder is divided into two halves, each 3 inches long and 
3 inches in diameter, which are constructed with a rim around 
the outside of the adjacent ends in such a way that they can be 
fastened together with thumbscrews. A thin circular diaphragm 
or disk, with a small hole in the center, is placed between the 
two adjacent ends and the connections are made air tight by a 
rubber gasket on each side. The opposite ends of the cylinder 
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have an inlet opening (A) and an outlet opening (B), each three 
eighths of an inch in diameter. On the upper side of each half 
of the cylinder are two openings (£) and (F) which are one fourth 
of an inch in diameter. These openings connect by rubber tubing 
to ends (X) and (Y) respectively of the inclined manometer. 


, 4 $595 3 
‘ Fe gk cee 
jeaeticee’ ace. 


Fic. 1. Showing the three gages in position and connected with the gradient 
cage. The metal hood with symmetrical electric lights is removed. The valves 
make it possible to measure the pressure on either side of the diaphragm separately 
and thus check the results when both sides are connected. 


The liquid used in the manometer was a red oil but the scale was 
corrected to read in millimeters of water. The amount of air 
entering chamber (1) through opening (A) is regulated by a 
screw-clamp (JT) on the rubber tubing (S). The opening (C) 
in the diaphragm (D) should be in the center and may be any 
size smaller than openings (A) and (B). Since opening (C) is 
smaller than opening (A) the air cannot escape from the chamber 
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x 


1s readily as it enters and.as a result static pressure is produced. 
This pressure is indicated through opening (Z£) on the inclined 
manometer. Further, since opening (C) is smaller than opening 
(B) the air escapes through (C) into chamber (2) the same as if 
into the free atmosphere or without exerting any static pressure. 
If, however, the rubber tubing connecting opening (B) with the 











Fic. 2. Showing a diagrammatic section of the diaphragm chambers and gage. 
For description see text page 161. The number of units in the scale is here reduced 
to 11 for convenienee. The number in the gages in use is 17, each representing 
one millimeter of water. 


experimental cage is long or crooked, static pressure may be 
exerted in chamber (2) due to the friction of the air in the tubing, 
or the tubing may become kinked or closed in which case the air 
would pass out through opening (Z) and the inclined manometer. 
To remedy this possible chance of error it is advisable. to have 
chamber (2) connected with end (Y) of the manometer. If this 
is done only the difference in static pressure between chambers 
(1) and (2) is indicated or the actual amount of pressure exerted 
by the air flowing through opening (C). By using diaphragms 
with different-sized openings different volumes of air can be 





164 CLYDE C. HAMILTON. 


measured. Openings almost as large as the inlet opening may 
be used for large flows of air and smaller openings for smaller 
flows of air. 

The amount of air in pounds per second flowing through (C) 
may be determined by the following formula (Durley, '06); 
6299 CD? V I/T, in which C is a constant approximately .602 
for small openings and slight pressures, D is the diameter of the 
opening in the diaphragm in inches, J is the inches of water dis- 
placed, and T is the absolute temperature F. (absolute o is 
— 459° F.). The constant C varies slightly for different-sized 
openings and different pressures, but this variation is so small, 
however, that it may be considered as negligible in computing 
the volume of air passing through each third of the experimental 
cage. The diameter of the opening in the diaphragms, for all of 
the experiments performed, was five sixteenths of an inch. The 
static pressure was recorded in millimeters instead of inches of 
water. By changing the millimeters to inches, substituting the 
necessary data in the formula and solving, the volume of air in 
pounds per second may be obtained. It was thought desirable, 


however, to give the volume in liters of air per minute. This 
may be obtained by multiplying the pounds per second by 60 
to get the pounds per minute, then by 454 to get the grams per 
minute, and dividing by 1.1265, which is approximately the 
number of grams in one liter of air at 70° F. and a barometric 
pressure of 29 inches. 


2. Material. 


The material studied consisted of full grown larve and adults 
of the family Carabide. The following species of larve were 
used in the experiments: Evarthrus sodalis Lec., Harpalus vagans 
Lec., Harpalus erythropus Dej., Pterostichus corvinus Dej., and 
Amara avida Say, The species of adults studied were Evarthrus 
sodalis Lec., Harpalus erythropus Dej., Harpalus pennsylvanicus 
Dej., Pterostichus corvinus Dej., Pterostichus stygicus Say, 
Amara avida Say, Anisodactylus nigrita Dej., Patrobus longicornis 
Say, and Patrobus placidus Say. The material was collected at 
various times throughout the year and was kept in two-ounce 
tin boxes partly filled with moist soil. A few of the larve were 



















BEHAVIOR OF SOME SOIL INSECTS. 165 


subjected to special treatment, which will be discussed under the 
experiments. The majority of the experiments. on the larve 
were performed with the species Evarthrus sodalis. The larve 
of this species are about an inch long, vigorous, active, easily 
collected, and could be found in a variety of situations. They 
were dug in all kinds of situations, from dry or wet, black soil in 
corn fields to wet, sandy or humus soil close to creek beds. The 
larve of the genus Harpalus were mostly collected in wet, sandy 
soil close to a creek bed; but they were also taken in drier and 
heavier soil. The larve of the genus Amara were dug from wet, 
sandy soil close to a creek and from moist, black soil in the bottom 
of a depression which contained considerable humus. Larve of 
the genus Pterostichus were dug from situations similar to those 
of Evarthrus sodalis. The adults were collected at various places. 


Il. 


About one hundred and twenty-five experiments were per- 
formed at various times during the fall, winter, and spring of 
1915-16. Only a few representative ones, however, will be 
given and discussed, together with any peculiar variations which 
may need to be noted. 


EXPERIMENTAL RESULTS. 


1. Larve. 


A. Controls.—The controls, which were conducted in still air, 
were principally of two types as far as results were concerned. 
The larve were either active, crawling from one end of the cage 
to the other, but occasionally stopping at either end to try to 
crawl out, or they soon became quiet and remained in any part 
of it and appeared to rest or sleep. At temperatures of about 
18° to 22° C. the larve were usually active and crawled from end 
to end of the experimental cage. At temperatures below 18° C. 
they were often inactive and remained quiet unless conditions 
were otherwise unfavorable. At temperatures of 23° C. and 
above the larvze were sometimes inactive but ‘not at ease. The 
increased temperature seemed to have a depressing effect and the 
larve acted tired and uneasy. Since in the normal controls the 
larve were either quite symmetrical in their movements or were 
quiet, it was not thought necessary to give the control for each 
experiment. Graph 1 shows the control for an Evarthrus sodalis 
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larva at a temperature of 20.5° C. The distance from the right 
to left represents the length of the cage and the vertical distance 
time. Graph 8 shows the control of another Evarthrus sodalis 
larva with a temperature of 23° C. at the start and 26.5° C. at 
the end. 

B. Reaction in Evaporation and Temperature Gradients.—The 
experiments on evaporation were varied by changing the relative 
humidity, the temperature, and the rate of air flow. The flow 
of air used, unless otherwise stated, was 13.3 liters per minute. 
This volume of air was secured by using a diaphragm with an 
opening five sixteenths of an inch in diameter and a displacement 
of three millimeters of water. 

Graph 2 shows the reaction of two Evarthrus sodalis larve to 
dry air at a temperature of 21° C. The avoidance ofthe dry 
air was very sharp and decided by one of them. The other 
larva rushed into the dry air, was soon overcome and was unable 
to get out. It squirmed and rolled about, became less active and 
was dead at the end of forty minutes. It had shrunken consider- 
ably, due to the withdrawal of water, and had turned a dirty 
yellow color. The larva which avoided the dry air was appar- 
ently as active at the end of the experiment as at the beginning. 
At lower temperatures the larve were generally not so active and 
did not avoid the dry air so sharply. Graph 3 shows the reaction 
of an Evarthrus sodalis larva to dry air at a temperature of 17° C. 
In the wet air it acted normal, except for some sluggishness. In 
the medium and dry air it squirmed and rolled about but was not 
affected as much as when the temperature was higher. Graph 
4 shows the reaction of an Evarthrus sodalis larva, which had been 
outside in freezing weather for five days, to a high temperature 
and a low percentage of moisture. The behavior was different 
from those in dry air at lower temperatures in that the larva 
was sluggish, depressed and appeared fatigued. The effect 
appeared to be very similar to that of carbon dioxide, which will 
be described later. The graph shows the movement of the larva 
for forty minutes, the second twenty minutes starting at (X). 
At the end of the forty minutes the larva was considerably 
shrunken, was a creamy yellow color in the membranous areas, 
and appeared to be dead. It began to revive in a little over an 
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hour, but never fully recovered. Graph 5 shows the reaction of 
an Evarthrus sodalis larva, which had been outside in freezing 
and thawing weather for eighteen days, to dry air and a tempera- 
ture of 22.5°C. There was a tendency in this larva to avoid the 
driest air. This is shown not so much by the time spent in the 
dry air but by the fact that in only one instance did the larva 
reach the end of the cage containing the dry air. It was in the 
dry air for a greater length of time than in the other air but this 
was due to its squirming, twisting and slower movements. Graph 
6 shows the reaction of an Evarthrus sodalis larva, which had been 
outside in frozen ground for five days, to dry air at a temperature 
of 16.5° C. The larva was brought in from the outside and al- 
lowed to revive for a few minutes before the experiment was 
started. The larva behaved more normal than those in graphs 
4 and 5 and showed a greater tendency to select air suitable to 
itself. 

Graph 7 shows the reaction of an Evarthrus sodalis larva to 
different rates of air flow at a temperature of 18° C. and a relative 
humidity of about 44 per cent. Although the larva was affected 
by the different gradients of evaporation thus produced, it showed 
no tendency to select its air. The flow of air in the different 
thirds of the cage was 0, 13.3, and 69.5 liters, respectively, per 
minute. Graph 8 shows the control of an Evarthrus sodalis 
larva at a temperature of 23° C. at the start and 26.5° C. at the 
end. Graphs 9, 10, and 11 show the reactions of three Evarthrus 
sodalis larve to air of practically the same temperature and 
relative humidity in corresponding parts of the cage but with 
different rates of air flow for each experiment. In graph 9, 
with an air flow of 13.3 liters per minute or 3 millimeters of water 
displaced, the larva was affected by the dry air but showed 
little tendency to avoid it. In graph 10, with an air flow 
of 19.0 liters per minute or 6 millimeters of water displaced, 
the larva showed no tendency to avoid the dry air. It was, 
however, affected, and became sluggish and less active as the 
experiment continued. Graph 11 shows the reaction of an 
Evarthrus sodalis larva to an air flow of 22.4 liters per minute or a 
displacement of 9 millimeters of water. With this rate of air 
flow the larva selected the wet air and was in much better con- 
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Graph 1 shows the control of an Evarthrus sodalis larva in still air at a temperature 
of 20.5° C1 

1 Where different temperatures, relative humidities, rates of air flow, and per- 
centages of gas are given, the one on the left side of the cage is named first, the 
middle second, and that on the right side last. 

Graph 2 shows the reaction of two Eva:thrus sodalis larve to dry air at a tem- 
perature of 21°C. Relative humidity of the air, wet 81 per cent., medium 47 per 
cent., dry 17 percent. Rate of air flow 13.3 liters per minute. The larve had been 
kept inside at a temperature of 20 to 21 degrees C. 

Graph 3 shows the reaction of an Evarthrus sodalis larva to dry air at a tempera- 
ture of 17°C. Relative humidity of the air, wet 82 per cent., medium 55 per cent., 
dry 4 percent. Rate of air flow 13.3 liters per minute. The larva had been kept 
inside at a temperature of 20° to 21° C. 

Graph 4 shows the reaction of an Evarthrus sodalis larva, which had been kept 
outside in freezing weather for five days, to a high temperature and a low per- 
centage of moisture. The experiment ran for forty minutes, the second half of the 
graph starting at ‘‘X."”" Temperature of the air, wet 28° C., medium 26.5° C., dry 
25.5° C. Relative humidity of the air, wet 40 per cent., medium 26 per cent., dry 
I percent. Rate of air flow 13.3 liters per minute. 

Graph 5 shows the reaction of an Evarthrus sodalis larva, which had been kept 
outside in freezing and thawing weather for 18 days, to dry air and a temperature 
of 22.5° C. Relative humidity of air, wet 95 per cent., medium 63 per cent., dry 
4 percent. Rate of air flow 13.3 liters per minute. 

Graph 6 shows the reaction of an Evarthrus sodalis larva, which had been outside 
in freezing weather for five days, to dry air and a temperature of 16.5°C. Relative 
humidity of the air, wet 94 per cent., medium 52 per cent., dry 4 percent. Rate of 
air flow 13.3 liters per minute. 

Graph 7 shows the reaction of an Evarthrus sodalis larva to different rates of air 
flow. Temperature 18°C. Relative humidity of air, 44 per cent. at the start and 
39 per cent. at the end. Rates of air flow, 0, 13.3, and 69.5 lite:s per minute. 
Evaporation from atmometers for 20 minutes, 0, .94 c.c. and 2.25 C.c. 
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Graph 8 shows the control of an Evarthrus sodaiis larva in still air at a temperature 
of 23° C. at the start and 26.5° C. at the end. 

Graph 9 shows the reaction of an Evarthrus sodalis larva to an air flow of 13.3 
liters per minute at a temperature of 22.5° C. Relative humidity of air, wet 54 
per cent., medium 41 per cent., dry 7 per cent. Evaporation for 20 minutes, wet 
air .50 c.c., medium air .69 c.c., dry air 1.42 c.c. 

Graph 10 shows the reaction of an Evarihs us sodalis larva to an air flow of 19.0 
liters per minute and a temperature of 22° C. Relative humidity of air, wet 58 
per cent., medium 41 per cent., dry 7 per cent. Evaporation for 20 minutes, wet 
air .60 c.c., medium air 1.00 c.c., dry air 1.60 c.c. 

Graph 11 shows the reaction of an Evarthrus sodalis larva to an air flow of 22.4 
liters per minute and a temperature of 21.5° C. Relative humidity of air, wet 69 
per cent., medium 42 per cent., dry 6 per cent. Evaporation for 20 minutes, wet 
air .54 c.c., medium air 1.07 c.c., dry air 1.75 c.c. 

Graph 12 shows the reaction of an Evarthrus sodalis larva to a low percentage of 
carbon dioxide. Temperature 18°C. Relative humidity of air, 75 percent. Rate 
of air flow 13.3 liters per minute. Per cent. of carbon dioxide in the different thirds 
of the cage, 4.0 (at left), 2.2, and 0.0. 

Graph 13 shows the reaction of an Evarthrus sodalis larva to an increase in the 
per cent. or carbon dioxide. Temperature 18° C. Relative humidity of the air, 
75 percent. Rate of air flow 13.3 liters perminute. Per cent. of carbon dioxide in 
the different thirds of the cage, 7.2 (at left), 4.0, and 0.0. 

Graph 14 shows the reaction of an unknown species of larva to a still higher 
percentage of carbon dioxide. Temperature 19° C. Relative humidity of the 
air,95 percent. Rate of air flow 13.3 liters per minute. Per cent. of carbon dioxide 
in the different thirds of the cage, 9.0 (at left), 2.8, and 0.0. 
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dition at the end of the experiment than either of the larve used 
in graphs 9 and Io. 

In testing the resistance of larve to evaporation, in the glass 
tubes previously mentioned, one larva died at the end of 115 
minutes’ exposure in the tube containing the dry air at a tem- 
perature of 22.5° C. and a relative humidity of 9 per cent. The 
larve in the tubes containing the medium air, relative humidity 
64 per cent. and temperature 22.5° C., and the wet air, relative 
humidity 95 per cent. and temperature 22.5° C., were not 
affected at the end of two hours. At a temperature of 23° to 
24° C. another larva lived 75 minutes in the tube containing air 
with a relative humidity of 4 per cent., another one 120 minutes 
in the tube containing medium air with a relative humidity of 
40 per cent., while in the tube containing the wet air, relative 
humidity about 80 per cent., the larva was slightly shrunken and 
inactive at the end of 160 minutes but not dead. The tempera- 
ture had risen to about 26° C. when the experiment was discon- 
tinued. In testing the resistance of larve to gradients of 
evaporation, produced by different rates of air flow, at a temper- 
ature of 21.5° C. and arelative humidity of 7 per cent., one larva 
died after 35 minutes’ exposure with an air flow of 16.4 liters per 
minute or 4.5 millimeters of water displaced. During this time 
2.1 c.c. of water had evaporated from the porous cup atmometer. 
In air of the same temperature and relative humidity but an air 
flow of 13.3 liters per minute or 3 millimeters of water displaced, 
another larva died at the end of 68 minutes, with an evaporation 
of 3.2 c.c. of water from the porous cup atmometer. With an 
air flow of 9.3 liters per minute or 1.5 millimeters of water dis- 
placed a third larva died after 90 minutes’ exposure with an 
evaporation for this period of 3.4 c.c. of water from the atmom- 
eter cup. The air was the same temperature and relative 
humidity as in the previous two experiments. The larva in the 
tube containing the larger flow of air was considerably disturbed 
from the first and rolled and twisted about. The larve in the 
other two tubes did not behave so violently but gradually became 
sluggish and less active until they died. 

C. Reactions in Carbon Dioxide Gradienis.—Graphs 12, 13 and 
14 show the reaction of larve to air containing different percen- 
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tages of carbon dioxide at a temperature of 18° to 19° C. and a 
relative humidity of 75 to 95 percent. In graph 12, with carbon 
dioxide percentages of 4.0, 2.2, and 0.0 respectively, an-Evarthrus 
sodalis larva selected the air containing the- largest amount of 
carbon dioxide. The larva used in graph 13, with carbon dioxide 
percentages of 7.2, 4.0, and 0.0 respectively, showed no marked 
preference for either the carbon-dioxide air or the carbon- 
dioxide-free air. In graph 14 an unknown species of larva 
showed a decided negative reaction to air containing 9.0 per cent. 
of carbon dioxide. No experiments were performed to determine 
the time of death of the larve in different amounts of carbon 
dioxide. In general, however, for mixtures of the gas up to II 
or 12 per cent. the larve were not violently affected. In air 
containing from about 7 to 12 per cent. of carbon dioxide they 
were sluggish and inactive and appeared fatigued. In per- 
centages below this they sometimes selected the air containing 
the carbon dioxide and sometimes avoided it. They were not, 
however, much affected, if any, by low percentages of the gas. 
There was no violent squirming and twisting produced by the 
carbon dioxide but it seemed to have a depressing effect. The 
larve were sluggish, inactive, and appeared exhausted. 


2. Adults. 


A. Controls.—The behavior of the adults, both in the experi- 
ments and in the controls, was more irregular than that of the 
larve. They moved quicker and did not have the blind tendency’ 
to continue in the direction they were going if the conditions 
became unfavorable. Graph 15 shows two ten-minute controls 
for adults. The first ten minutes is the control for an Evarthrus 
sodalis adult and the last ten minutes the control for a Patrobus 
longicornis adult. Temperature 21° C. and no air flow. The 
Evarthrus adults showed a uniform tendency to run from one 
end of the cage to the other, while the majority of the other species 
often ran hesitatingly about for a time and then settled down and 
remained quiet, usually at one end of the cage. 

B. Reactions in Evaporation and Temperature Gradients.—A 
number of experiments were performed with different species, 
but only a few can be given here. Graph 16 shows the reaction 
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Cuart III. 


Graph 15 shows the control for two species of adult Carabids. The first one 
half is the control for an Evarthrus sodalis adult and the second one half for a 
Patrobus longicornis aduit. Temperature 21° C. No air flow. 

Graph 16 shows the reaction of a Pterostichus stygicus adult to dry air and a 
temperature of 20.5° C. Relative humidity of air, wet 95 per cent., medium 86 
per cent., dry 13 percent. Rate of air flow 13.3 liters per minute. 

Graph 17 shows the reaction ot a Pterostichus corvinus adult to dry air at a tem- 
perature of 19.5° C. Relative humidity of air, wet 83 per cent., medium 59 per 
cent., dry 6 per cent. Rate of air flow 13.3 liters per minute. 

Graph 18 shows the reaction of a Pterostichus corvinus adult to dry air and a 
temperatureof 16.5° C., with an increase in the rate of air flow to 19.0 liters per 
minute. Relative humidity of air, wet 80 per cent., medium 50 per cent., dry 6 
per cent. 

Graph 19 shows the reaction of an Evarthrus sodalis adult to gradients of am- 
monia. Temperature 22° C. Relative humidity of air,98 per cent. Rate of air 
flow 13.3 liters per minute. 

Graph 20 shows the reaction of a Pterostichus stygicus adult to gradients of 
carbon dioxide. Temperature 22° C. Relative humidity of the air, 90 per cent. 
Rate of air flow 13.3 liters per minute. Percentage of carbon dioxide in the different 
, thirds of the cage, 7.2, 3.6, and 0.0. 

Graph 21 shows the reaction of an Evarihrus sodalis adult to an increase in the 
percentage of carbon dioxide. Temperature 22.5°C. Relative humidity of the 
air, 86 per cent. Rate of air flow 13.3 liters per minute. Percentage of carbon 
dioxide in the different thirds of the cage, 14.0, 7.0, and 0.0. 
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of a Pterostichus stygicus adult to dry air at a temperature of 
20.5° C. and an air flow of 13.3 liters per minute. The adult 
showed a tendency to move about at first but soon became in- 
active and remained quiet during the remainder of the experiment. 
It was active and in good condition when the experiment was 
discontinued. Graph 17 shows the reaction of a Plerostichus 
corvinus adult to dry air at a temperature of 19° C. and an air 
flow of 13.3 liters per minute. The adult did not show as 
decided a reaction against the dry air as the adult in the previous 
experiment but at the end of about eight minutes a preference 
was worked out for the wet air. Graph 18 shows the reaction - 
of an adult of the same species to dry air at a still lower tem- 
perature, 16.5° C., and an increase im the rate of air flow to 19.0 
liters per minute. Although the adult was restless and uneasy 
during the experiment, it showed little tendency to select the wet 
air. 

To test the resistance of the adults to evaporation, three adults 
were put in the glass tubes with air flowing through them at a tem- 
perature of 21° C. at the beginning and 23° to 25° C. at the end, 
and a relative humidity at the end of 30 percent. In the tube with 
an air flow of 13.3 liters per minute the adult died after 28 hours’ 
exposure, during which time 70 c.c. of water had evaporated 
from the porous cup atmometer. In the tube with an air flow 
of 19.0 liters per minute the adult was dead at the end of 30 
hours, during which time 77 c.c. of water had evaporated from 
the atmometer cup. In the third tube, with an air flow of 22.4 
liters per minute the adult was dead at the end of 24 hours, during 
which time 82 c.c. of water had evaporated from the atmometer 
cup. : 

C. Reaction in Ammonia Gradients ——A few experiments were 
performed with air containing ammonia to determine the reaction 
of the adults to this gas. To obtain the gradients of ammonia 
in the air it was bubbled through water containing different 
amounts of the gas in solution. No quantitative determinations 
of the amount of ammonia in the air were made. Graph 19 
shows the reaction of an Evarthrus sodalis adult to gradients of 
ammonia at a temperature of 22° C. and a relative humidity of 
98 per cent. In this instance the avoiding reaction against the 
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ammonia was rather decided. The majority of the individuals 
tested showed considerable signs of disturbance and discomfort 
but they were not very strongly negative to ammonia; one or two 
continued to remain in the ammonia air although they were not 
at ease. The adults moved hesitatingly and at random in the 
ammonia air, stroking the antennz and occasionally the ab- 
domen. 

D. Reaction to Carbon Dioxide.—The reaction of the adults to 
gradients of carbon dioxide was not very different from that of 
the larve. Graph 20 shows the reaction of an adult Pterostichus 
stygicus to air containing carbon dioxide gradients of 7.2, 3.6, 
and 0.0 per cent. with a temperature of 22° C. and a relative 
humidity of 90 per cent. The adult tried the carbon-dioxide-free 
air several times, but each time came to rest in the air containing 
the largest amount of the gas. Graph 21 shows the reaction 
of an adult of the same species to air containing carbon dioxide 
gradients of 14, 7, and 0.0 per cent. with a temperature of 22.5° 
C. and a relative humidity of 86 per cent. In this instance the 
adult showed a distinct negative reaction to the flow of air con- 


taining the largest per cent. of carbon dioxide, spending most of 
its time in the carbon-dioxide-free air. In most cases where the 
carbon dioxide was about 6 or 7 per cent., or higher, the adults 
either avoided it or were uneasy and distressed. With lower 
percentages of the gas very little signs of uneasiness were shown. 


IV. SUMMARY AND DISCUSSION OF CONCLUSIONS. 


A thorough understanding of the behavior of the soil insects 
to evaporation, temperature, and gases found in the soil necessi- 
tates a knowledge of the conditions existing in their habitat. 
This includes the physical condition of the soil, the temperature, 
the moisture, and the gases. The physical structure of the soil, 
i. €., size of soil particles, porosity, amount of organic material, 
etc., is important, since it is upon these that the soil moisture, 
temperature, and aeration is dependent. The temperature of 
the soil is fairly constant. It does not have the range of vari- 
ation and is not subjected to the sudden changes encountered in 
the atmosphere. This is more noticeably so in soil which is 
moderately moist to wet and is due, to a large extent, to the great 
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amount of heat used in the evaporation of water. Thus con- 
siderable heat can be used in the evaporation of moisture from 
wet or moist soil and the temperature of the soil itself will remain 
almost unchanged. On the other hand, in dry compact soil 
most of the heat is absorbed and the temperature of the soil 
is raised accordingly. 

The moisture in the soil is derived largely from precipitation, 
but part of it may come from the adjacent soils or rock. The 
amount which a soil will retain is dependent upon the porosity, 
the physical structure, the litter covering the soil, and the growth 
of vegetation. A soil with a living vegetative cover loses 
moisture, both through direct evaporation and absorption by its 
vegetation, much faster than bare moist soil. The organic debris 
on the surface also conserves the moisture by the formation of a 
blanket or mulch. Evaporation is further retarded by the use 
of windbreaks or hindering the movement of the air over the 
soil, as has been shown by numerous experiments with wind- 
breaks. Adams (’15) in discussing the soil moisture says: 
“McNutt and Fuller (’12) have made a study of soil moisture at 
3 inches (7.5 cm.) and at 10 inches (25 cm.) below the surface in 
an oak-hickory forest, at Palos Park, Illinois. They found that 
the percentage of water to the dry weight of the soil at the 3-inch 
level averaged 18.9 per cent. and at 10 inches was 12.5 per cent. 
of the dry weight of the soil. The greater moisture near the 
surface is due to the humus present in this layer.” 

The ventilation and amount of air in the soil is dependent upon 
its physical properties, temperature and moisture. Dry soil, 
according to Hilgard (’06) contains from 35 to 50 per cent. its 
volume of air, and in moist or wet soil this space is replaced by 
water. Thus the conditions influencing the amount of water 
present have a very important influence upon aeration. The 
rapidity with. which ventilation occurs is dependent upon the 
porosity and temperature; the greater the porosity and the higher 
the temperature, the more rapid the change. The amount of 
carbon dioxide in the soil is partly dependent upon the ventila- 
tion, the moisture, and the amount of decaying organic material. 
Since carbon dioxide is very soluble in water, it is found in the 
soil moisture in much larger proportions than in the atmosphere. 
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This concentration for different kinds of soil is shown by the 
following table by Bassungault and Lewy ‘Van Hise, ’04). 


CO, in 10,000 
Character of Soil Air. Parts by Weight. 


. Sandy subsoil of forest 
. Loamy subsoil of forest 
. Surface soil of forest 

. Surface soil of vineyard 
. Pasture soil 

. Rich in humus 


From this we see that the amount may reach as high as 5 or 6 
per cent. in some situations. 

Little is known concerning the occurence of ammonia in soil 
air. It usually occurs in very small quantities but may occa- 
sionally be noticeable in places where there is-much decaying 
organic matter. The small amounts of ammonia which may 
occur in the soil are usually held in electrolytic combination with 
the soil itself and do not occur free in the air. 

The above is a very brief survey of some of the physical con- 
ditions which must be encountered by soil inhabiting insects. If 
we return to the experiments we will notice that the larve were 
very sensitive to evaporation, and especially so if the temperature 
was about 20° C. or above. This is what could be expected, since 
in their natural habitat the relative humidity of the air, in moist 
or wet soil, is not far below saturation and the temperature of 
the soil probably rarely goes above 20 to 23 degrees C., and then 
only in exposed, dry, hard soil in which one would not find the 
larve. It will also be noticed that of those larve which had been 
outside in freezing and thawing weather, the one experimented 
with at the lowest temperature behaved more normally and 
showed a greater tendency to select air probably suitable to 
its physiological condition. An increase in the rate of air flow, 
other conditions remaining the same, did not seem to affect the 
larve as much as an increase in temperature or a decrease in the 
relative humidity. They were probably affected more by the 
breathing in of the dry air and an increase in the temperature 
than by evaporation from the body surface. Their almost in- 
stantaneous detection of dry air and a high temperature would 
seem to point to this conclusion. 
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The increased temperature may have affected the larve by 
increasing their activity and metabolic processes, thus requiring 
a larger amount of air. If this air is dry, we can understand 
why the larve are more sensitive to dry air at the higher tem- 
peratures. On the other hand, if the temperature is lowered, 
their activity and metabolic processes are decreased, thus re- 
quiring a smaller amount of oxygen. In temperatures of 24° 
to 26° C. and above, the larve were often depressed, less active, 
and did not respond to the dry air so sharply. This may have 
been due to the fact that the temperature was increased above the 
point where their maximum activity occurred and that above this 
point an increased temperature had a depressing effect. In 
those experiments, in which the larve had been subjected to 
freezing weather for a number of days, the temperature at which 
the larve avoided the dry air the best was lowered from about 
22° C.to 16° C. It was also noticed that larve collected early in 
the fall withstood high temperatures much better than those col- 
lected later. 

The adults behaved somewhat similar to the larve in the 
experiments. They were more resistant to dry air and did not 
have the blind tendency to keep going ahead when the conditions 
became unfavorable. They often stopped and investigated 
the dry air, apparently sensing it with their antenne. Their 
greater resistance to evaporation and temperature is natural, 
since they are usually found on the surface of the soil or near it, 
and are thus subjected to higher temperatures and drier air. 
Their increased chitinization of the body is also a greater pro- 
tection from evaporation from the body surface. 

The reaction of the larve and adults to carbon dioxide is not 
surprising when we consider their habitat and the amount of 
carbon dioxide found in the soil. No analyses of the moisture 
or the amount of carbon dioxide in the soil were made, but taking 
the figures available, the amount could not have been much below 
4 per cent., which was selected by the larve in the experiments 
and which is probably their optimum. Insects are much more 
resistant to carbon dioxide than are warm-blooded animals and 
fishes (Shelford and Powers, '15) and can use practically all of 
the oxygen from a given quantity of air. This has been shown 
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by Shafer ("11) and other workers. Grasshoppers were left in 
pure carbon dioxide for 15 hours and adults of Passalus cornutus 
for 24 hours and complete recovery resulted. Large percentages 
of the carbon dioxide caused violent twisting and movements of 
the larve for a few minutes and then they became inactive and 
sluggish or stupefied. No experiments to determine their re- 
sistance to carbon dioxide were performed. 

The experiments with the gradients of ammonia iia that 
the adults were affected by the gas but that they did not always 
react advantageously to it. The percentages used were probably 
considerably larger than that ever encountered in nature. Under 
some conditions of decaying vegetable matter considerable 
ammonia may, however, be present in the air. 

In general the experiments show that the reactions of the larve 
and adults to gradients of evaporation, temperature, and carbon 
dioxide are similar to what one would expect from a study of 
their habitat. Adams (15) in speaking of soil conditions says: 
“The animals which thrive in the soil are likely to be those which 
tolerate a large amount of carbon dioxide and are able to use a 
relatively small amount of oxygen, at least for considerable 
intervals, as when the soil is wet during prolonged rains. . . . 
The optimum soil habitat is therefore determined, to a very im- 
portant degree, by the proper ratio or balance between the amount 
of available oxygen and the amount of carbon dioxide which can 
be endured without injury.” 
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I. INTRODUCTION. 


The reactions of animals to environmental factors in experi- 


ments indicate conditions suitable for them in nature. If such 
experiments are carried out carefully and at different periods of 
the life history, the reason for the presence of any animal in a 
particular environment may be explained in'terms of measurable 
physical factors which it selects and avoids. It has been shown 
that insects, spiders and amphibians from moist and dry habitats 
respectively were sensitive to variations of the evaporating powers 
of the air. The physical factors that determine the rate of 
evaporation are humidity, pressure, wind and temperature, and 
these are measured in combination by instruments measuring 
evaporation. It is the main purpose of this paper to show that 
representatives of the mammalian group, wood mouse (Pero- 
myscus leucopsus noveboracensis Fischer), react to variations in 
the evaporating power of air in a similar manner regardless of 
the cause of the variation. The local distribution of an animal 
is determined by its reactions to environmental factors and its 
geographic distribution is a function of the distribution of its local 
habitat, or of conditions indicated by its local habitat. In spite 


1 Contribution from the Zodlogical Laboratory, University of Illinois, No. 82. 
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of the fact that most theories of distribution are based largely 
upon mammals we know of no studies of mammalian behavior 
bearing on this question. However if our knowledge of climate 
were complete, and if it were possible to bring representatives of 
all the land animals into the laboratory and test their reactions 
to physical factors at intervals through their life history a dis- 
tribution map could probably be made fairly accurate for each 
species. 
II. HABITAT AND DISTRIBUTION. 

One of the commonest mammals of any woodland areas of 
Illinois is the white-footed wood mouse. The habitat of this 
subspecies is practically coextensive with the woodland. This 
mouse is sometimes found in the fields when the food supply is 
short in the forest or it may be tempted to a nearby cornfield. 
They may migrate to the forest edge or to open cleared 
places a mile or so from the woods during the summer. They 
seem to be able to adapt themselves to different moist environ- 
ments and this is no doubt a great factor in determining their 
abundance though it seems that houses and barns are seldom if 
ever entered and it is certain that they never become a household 
pest. In the woods they are at home under any kind of rubbish 
and the roots of trees but they are not limited to the ground strata 
as they are sometimes found living in the trees. The range of 
the subspecies is from Novia Scotia to central Minnesota, thence 
south through the humid parts of eastern Nebraska and Kansas 
and eastward to the Atlantic. 

The main purpose of these experiments was to determine the 
environmental factors that restrict the range of this mouse to 
the woodland. So many factors make up the environment of 
any animal and a change in one usually affects the others so that 
a study of this kind is a very difficult one. 

Since the relative humidity is so much greater in the forest 
than on the prairie (Shimek ’11) the writer shows in these ex- 
periments that the mouse is sensitive to this difference and reacts 
to any change in which the humidity is lower than that of the 
woodland in which its habitat is restricted. Since changes in 
the relative humidity directly affect the rate of evaporation which 
in turn affects the physiological processes the conclusion that 
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the evaporating power of the air is the best index of environmental 
conditions of the white-footed woodland mouse as well as other 
land mammals seems evident. 

This mouse is primarily a ground stratum animal and since 
relative humidity decreases from the ground upward one would 
expect the reactions of such a species to be more pronounced 
than those from the higher strata, and Shelford (’13) from a series 
of experiments found (1) animals react to air of a given rate of 
evaporation whether the rate of evaporation is due to moisture, 
temperature, or rate of movement; (2) the sign and degree of the 
reaction to the given rate of evaporation are in accord with the 
comparative rates of evaporation in the habitats from which the 
animals were collected though the reaction to evaporation 
due to temperature was usually sharper; (3) the animals of a 
given habitat are in general agreement in the matter and sign 
of the reaction; the minor differences which occur are related to 
vertical conditions and kind of integument; (4) there is a rough 
agreement between survival of time in an air of high evaporating 
power and kind of integument, but no agreement between 
survival ef time and habitat when a number of species of the 
community are taken together. 

Fuller (’11) and McNutt and Fuller (’12) made a comparative 
study of rates of evaporation in different kinds of forests in north- 
ern Illinois. Their figures show that the rate of evaporation 
was dependent upon the kind of forest and the following results 
were obtained. Taking 100 as a relative evaporation scale: 
Cotton wood dunes, 260 per cent.; oak dune, 127 per cent.; 
oak hickory, 115 per cent.; maple beach forest, 100 per cent. 
Shimek (’10, "11) made observations on the relative rate of 
evaporation on the prairies of western lowa, and his results show 
that the rate of evaporation is much greater in exposed places 
than where there is shelter from the sun and wind. The mice 


apparently avoid higher rates of evaporation by staying in the 
forest. 


Ill. EXPERIMENTAL STUDY OF THE RELATION OF ENVIRCNMEN- 
TAL Factors OF DISTRIBUTION. 

Aron (’11), Rheinhard (’69) and Rubner (’90) have shown that 

evaporation directly affects the physiological processes of certain 
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mammals and that if these processes were sufficiently interfered 
with death of the animal resulted. 


1. Method of Establishing Evaporation Gradients. 


The apparatus for this experiment was designed by Dr. V. E. 
Shelford and E. O. Deere, and for descriptions and drawings and 
method of establishing evaporation gradients see B1oL. BULL., 
No. 25, "13. Descriptions will be made only where changes 
were made in the apparatus. 

The experimental cages for the gradient experiment were de- 
signed by Dr. V. E. Shelford. Since a much greater rate of air 
flow was used in these experiments the cages were made about 
three times as large as the designer used in his experiments. An 
extra division of wire mesh was inserted between the fish-tailed 
burner-shaped introducers and cage apartment. This served to 
make a more even distribution of the air over the cage. One 
cage was used for both the experiment and the control. When 
a control experiment was being made the air was shut off; no 
moving untreated air was used. 

In the beginning, considerable difficulty was encountered in 
obtaining a constant flow of air through the apparatus and into 
the cages, due to the fact that the air supply was taken from the 
university air mains. The pressure in the mains ran about 85 
pounds per square inch and as the experiments were conducted 
at a much lower pressure, from one to five pounds, a reducing 
valve was placed in the branch line to the apparatus, to reduce 
the pressure and keep it constant for any particular pressure that 
was required for the experiment on hand. On account of the 
well-known acute sensibility of man and mammals to slight dif- 
ferences in air movement it was thought best to pay considerable 
attention to air movement. 

At the outset it was decided to obtain the flow of air in terms of 
a number of liters per minute as this can easily be determined. 
This was done by filling a 13-liter bottle with water and finding 
the time required for the air to displace the water. By pro- 
portion the flow in liters per minute was readily obtained but as 
the operation had to be repeated for each change in the air 
pressure the work for finding the flow for each different pressure 
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was tedious and consumed much time, that it was decided to 
install some device, whereby the flow at any time could be readily 
obtained. 

The subject of air in motion presents one of the most confusing 
branches of the study of the flow of fluids. The internal eddies, 
cross currents, and general intricacy of motion of the particles 
among each other, occurring in a pipe transmitting air, are 
almost entirely defiant of mathematical expression. It is neces- 
sary to adopt as a basis of mathematical investigation the simple 
assumption that the particles move side by side in such a way 
that those which at any instant form a lamina or thin sheet, 
perpendicular to the axis of the pipe or orifice, remain together 
as a lamina during the further stages of flow. Experiment is 
then relied upon to make good the discrepancies between the 
indications of the formula resulting from theory and the actual 
results of practice. 

The laws governing the flow of all fluids are based on the 
assumption that the density remains constant throughout the 
flow, as has been stated above. In considering the flow of a gas 
such as air, however, the laws referred to do not strictly hold. 
The velocity in an air duct of uniform size varies due to a loss or 
decrease in pressure which causes an increase in volume and a 
consequent increase in the velocity. The flow of air, due to a 
large difference in pressure is most accurately stated by the ther- 
modynamic formula for air discharge under conditions of adia- 
batic flow. The usual method in stating and measuring small 
pressures is by noting the height of a column of water which the 
pressure will maintain in equilibrium or balance in a ‘“‘U”’ tube, 
or manometer. 

From this we can analyze the different pressures acting when 
air flows through a pipe. The flow of air through a pipe or duct 
is under the influence of three distinct pressures, namely, the 
velocity, static, and dynamic or total pressures. The velocity 
head or pressure is defined as that pressure which is required to 
accelerate the mass from a state of rest to the final velocity 
attained. The static head or pressure, also termed the frictional 
or resistance pressure or maintained resistance, is that pressure 
required to overcome the resistance offered to the flow. This, 
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in reality, is the pressure tending to burst the pipe as would be 
measured by the ordinary pressure gage. The dynamic head or 
pressure, also termed the total or impact pressure, is the sum of the 
pressures required to overcome the resistance to flow and create 
the velocity of discharge. For the many occasions where the 
measurement of volume, or of volume and pressure, is required, 
more accurate methods of measurement are often desired than 
have been commonly used, and the experimenter needs something 
better than the ordinary anemometer to determine the velocity, 
or a rubber tube connected to a water gage to measure the pres- 
sure. Especially is this so in fan work where the volume varies 
from zero with the outlet entirely closed, to a maximum, with an 
unobstructed discharge. The measuring apparatus must be 
accurate through this wide range. 

As has been stated, the usual method employed in stating and 
measuring small pressures is noted by observing the height of a 
column of water which the pressure will maintain in equilibrium 
or balance in a U tube, or manometer. The difference in level of 
the liquid in the manometer is a measure of the static pressure 
existing at this point in the pipe or duct. A tube of this descrip- 
tion is turned a “‘Piezometer.’’ In order to obtain correct piezom- 
eter readings the most accurate method is to employ a hollow 
ring connected to the interior of the pipe by six or eight small 
holes, 0.02 inch in diameter. 

Some form of differential or inclined tube gage filled with 
gasoline and graduated to read in hundredths of an inch of water 
is usually employed in place of the ordinary U tube, which is not 
well adapted for reading small pressure differences. 

We can now measure the static head or pressure, but as this 
would not be of much value with air under motion, it is necessary 
to introduce some device in order that the velocity pressure may 
be obtained. Such an instrument is known as the “Pitot” 
tube. This Pitot tube when used with suitable pressure meas- 
uring devices, as already described, is particularly well adapted 
for measuring both the pressure and volume of air flowing through 
a pipe or duct. 

The Pitot tube has the advantage of being small, portable, and 
can be easily and conveniently placed in small air lines. It is on 
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this account as well as on account of its small size that we de- 
scribe it here though a better device is described by Hamilton 
(’r7) in the paper which follows. It is a well-known instrument, 
and consists essentially of two parts, a tube pointing upstream 
against the flow of air or gas and which converts the sum of the 
static pressure and velocity pressure into a head which may 
be measured, and, as a second part, a means of determining the 
static pressure alone. Although the Pitot tube has long been 
known and used there is still much doubt in regard to its accuracy 
and distrust of the results obtained by its use. The form of tube 
shown in Figs. 1 and 2 has been generally adopted as being the 
most reliable. 

The Pitot tube, as described, was sealed in a glass tube 14 
inches in diameter and 30 inches long, and the connection made 
from the leads of the Pitot tube to a ten-inch mercury column 
manometer by means of a piece of one-half-inch rubber tubing. 
This general arrangement is shown in Fig. 1. After the ap- 
paratus had been set up as shown in the sketch the tube leading 
to the cage was inserted into the neck of the inverted 13-liter 
bottle and the air turned on. This was done in order that the 
scale S on the mercury manometer could be calibrated in rate 
of flow of the air. Several such readings were taken for the range 
of pressures to be used in the experiments, and a scale constructed 
whereby the rate of flow in liters per minute could be had directly 
by measuring the height of the mercury in the manometer. The 
rubber tubing from the exit side of the measuring device was then 
connected to the leads from the cages containing mice. Some 
of the later experiments were performed with the equipment 
described by Hamilton (’17). 


2. General Plan of the Experiments. 


The mice were put into the experimental cages and air of dif- 
ferent evaporating power was secured by passing air of different 
relative humidities or different temperatures, or at different 
velocities through the different divisions of the cages. The 
bottom of the cage was covered with leaves and in order to keep 
the air from blowing them to one side melted paraffin was poured 
on them. This was done to procure a rough surface as the mice 
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would not run over the smooth tin bottom. After the rate of 
evaporating power was determined the mice were put in the 
cage, and tracings to the minute and second scale were made for 
thirty-minute intervals. 

A control experiment was made after each experiment so that a 
comparison could be made in the two cases. An animal might 
spend as much time in one division of the control cage as it did 
in the experimental cage but as the graph shows the movements 
are of a different character. There is no direct orientation in the 
control cage, and the mice wander back and forth through the 
different divisions, and seem to be as well satisfied in one division 
as theother. After one experiment was completed and the mouse 
had selected the division of the cage which seemed to agree with 
its physiological make-up, the different gradients were sometimes 
reversed. The mouse always moved out and sought the condi- 
tions it had formerly selected. 


3. Material. 


Only one species was used in the following experiments, the 


white-footed wood mouse, Peromyscus leucopsus noveboracensis. 
The experiments were made as soon as possible after the mice 
were brought into the laboratory, and until experiments were 
made they were kept under conditions as similar to those of their 
natural environment as was possible. 


4. Experimental Results. 


(a) Reaction Experimenis.—The air was passed through sul- 
phuric acid filters! The amount of moisture in the air after 
treatment depended upon the rate of flow, the temperature, the 
original humidity of the air and the condition of the filters. 
These filters became weaker from time to time due to the water 
removed from the air. Ten-minute exposures were made of the 
atmometers, as this time was sufficient to calculate readable 
results. The rates are higher than they were in the experiments 
of Shelfoid (’13) as the flows were greater and the same atmom- 
eter containers were read. The evaporating results do not repre- 
sent the rate in the cages for the cases were larger. 


‘Brot. BuLL., No. 25, '13. 
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Cuart I. 


The chart shows the reactions of the white-footed wood mouse to air of various 
evaporative powers. The distance from right to left between the scales represents 
the length of the cage. The vertical scles are time scales with minutes divided into 
twelve second periods. The tracings represent the movements of the animals; 
horizontal distance represents the distance lengthwise of the cage and vertical 
distance represents time. The solid vertical lines separate the divisions corre- 
sponding to the thirds of the cage. The number at the heads of these columns in the 
experiments represent the evaporation in centimeters for the thirty-minute periods. 
The relative humidity and temperature data is given at the bottom of the columns. 
This chart shows a.very marked avoidance of the air of high evaporation due to 
dryness. The lowering of the threshold of stimulation is evident in Experiment 10, 
as the period spent in the high evaporation conditions is less each time until direct 
orientation results. The mouse remained in this division of the cage forty-five 
minutes after the experiment was closed during which time it slept. In Experiment 
11 the filters and moisteners were renewed. Theavoidance of the air of high evapor- 
ation is noted but this mouse reacted much more definitely which was probably 
due to the dryer air and physiological state of theorganism. The only time it left 
the air of lowest evaporation it was forced out by the experimenter. The figures 
at the top of the columns represent the evaporation in cubic centimeters during the 
thirty-minute experimental periods and those at the bottom represent the relative 
humidity. 

The chart shows the negative reaction of a mouse to air of high evaporation 
due to increased air movement. In Experiment 12 the filters were removed from 
the air supply and the moisteners were left in. The mouse oriented directly to the 
air of highest evaporation, and the stimulation seems to be more of a mechanical 
nature but undoubtedly the direct orientation is a reaction to the higher evaporation 
due to the rapid air movement as well as the mechanical stimulus and loss of heat. 
At the close of the experiment the two ends were reversed. The dotted line re- 
presents the tracings of the animal's movements. The same avoidance of the air 
of high evaporation is noted but the mouse did not orient directly. It remained 
in the unfavorable conditions for ten minutes but became very restless after the 
second minute and finaJly moved to the air of the same evaporation it had previously 
selected. At the end of twenty-seven minutes it was forced out by the experimenter 
but returned immediately to the air of lowest evaporation. In Experiment 13 the 
moisteners were removed. When the mouse first encountered the rapidly moving 
air it was stimulated and kept turning around in the cage and displayed other 
random movements. ‘Afte: returning to the air of lowest evaporation and the less 
rapid air movement the turnings were replaced by hesitation at the boundary of 
the highest evaporation rates and shorter stays in the rapidly moving air. 

The chart shows the avoidance of high evaporation due to increase of temper- 
ature. In Experiment 14 a difference of 3.2° C. was noted. The standard rate of 
flow, 27 liters pe: minute, was used in this experiment. In Experiment 15 the oui- 
entation to the higher temperature is more direct, and by comparing the two 
experiments it is seen that temperature differences are easily detected by these mice. 
The dotted line represents the tracings of the animal’s movements when the ends 
were reversed at the end of the experiment. The mouse ram around at random for 


the first five minutes and then selected the air of the same evaporation it had 
previously selected. 
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About thirty experiments were performed to test the reactions 
of these mice to the different evaporating powers of the air. 
The preceding graphs of a few of the experiments will serve to 
show the general behavior of these mice in all the experiments. 

In Experiment ro, Chart I., the moisteners were becoming very 
dry and the filters were weak; both were renewed in Experiment 
11. The standard rate of flow, 27 liters per minute, was used in 
both experiments. The mouse was always placed in the division 
of the cage where evaporation was the lowest. In Experiment 
10 the mouse moved directly to the opposite end of the cage where 
the rate of evaporation was the highest and remained there ten 
minutes. It behaved quite normally for five minutes, then it 
grew restless and kept turning around in the corner of the cage; 
several times it stretched and lay flat and yawned. After moving 
back to the division of lowest evaporation it made three trips 
across the cage but the period spent in the dry air was less each 
time. The threshold of stimulation was lowered each time so that 
finally the mouse oriented directly, and returned to the air of 
low evaporation. Theoughout the rest of the experiment it 
remained there and behaved normally. Thirty minutes after 
the experiment was closed the mouse was still in the same division 
of the cage. In Experiment 11 the mouse reacted much more 
definitely, due in part no doubt to the air of higher evaporation 
and the physiological state of the animal. It remained in the air 
of lowest evaporation throughout the experiment excepting when 
it was forced out. A marked negative reaction to the highest 
evaporation is clear in both experiments. 

The rate of flow influences the rate of evaporation in a marked 
degree. The mice oriented directly in most cases to a very small 
change in the rate of flow, but I am inclined'to attribute this 
orientation more as a response to a mechanical stimulation; 
however the higher rate of evaporation was no doubt a factor in 
determining this response. In their natural environment changes 
in wind velocity would directly influence their behavior though 
these variations are very slight in the forest. In their under- 
ground burrows it would have little or no effect. The differences 
in wind velocity existing between the forest and the prairie no 
doubt play an important rdéle in restricting their habitats to the 
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forest. The rate of evaporation is much greater on the prairie 
due to a more direct effect of the wind and a higher temperature. 

In Experiment 13, Chart I., the rates of flow were 20, 35.5 and 
50 liters per minute respectively; the filters and moisteners were 
both cut out of the air supply leading to the experimental cages. 
While most of the time was spent in the division representing the 
lowest evaporation the mouse never behaved normally; the 
lowest evaporation appearing to be above the optimum, and no 
doubt it was much greater than that encountered in the natural 
environment. In Experiment 12, Chart I., the rates of flow were 
30, 30, and 40 liters per minute. The filters were cut out in this 
experiment while the moistener were left in, which accounts for 
the variation between the two 30-liter flows. The mouse showed 
a marked avoidance to the more rapid rate of flow. At the end 
of fourteen minutes the mouse was asleep in the division of lowest 
evaporation and remained there throughout the experiment. At 
the end of this experiment the ends were reversed. The mouse 
up to this time had been asleep but was now stimulated and 
after the first few minutes grew very restless, turning around in 
the corner and showing various other stimulation reactions similar 
to those described under the dry-air experiments. The mouse 
after ten minutes had elapsed moved to the end of lowest evapor- 
ation which it had previously selected and remained there 
throughout the experiment except at the end of the 27th minute, 
when it was forced out by the experimenter. 

Only a general idea of the effect of raising the temperature 
can be obtained as the apparatus for this part of the experiments 
was faulty. It was impossible to keep the temperature constant, 
and the atmometers and the water in the burettes should have 
been at the same temperature as the air used, if the results are 
to be comparable with those obtained at room temperature. 
Even though the data may not be accurate the number of ex- 
periments performed give a fair indication of the general effect 
upon the organism as is indicated by the general behavior of 
the mice in all the experiments. 

The various temperature gradients were obtained by passing 
the air through coils of aluminum tubes exposed to steam. In 
some cases the pressure exerted on the air in these coils was suf- 
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ficient to raise the temperature 0.5° C. or more and thus produce 
a gradient. The temperature of the different divisions of the 
cage was recorded when a constant temperature seems to prevail. 
Thermometers reading to one tenth of a degree were used. 

In Experiment 14, Charts I., the standard rate of flow, 27 
liters per minute, was used, and the temperature in the differ- 
ent thirds were 26.5°, 24.2°, and 23.2° respectively. The reac- 
tions to the air of highest evaporation was similar to those of the 
dry and rapidly moving air, and in this experiment the mouse 
easily detected a difference of 3° C. In Experiment 15 the tem- 
peratures were 25.2°, 30.2°, and 38.4° respectively while the rate 
of flow was approximately 22 liters per minute. The dotted 
line represents the reaction of the mouse after the ends were 
reversed at the end of the experiment. The mouse was stimu- 
lated at first in the hot air; activity was increased and it moved 
back and forth in the cage for the first few minutes, after which 
it selected the same air as before. 

(b) Resistance Experiments. —The other experiments show that 
the mice react to conditions of high evaporation. The following 
were performed in order to determine how long they could with- 
stand these unfavorable conditions. The standard rate of flow 
used was the same as in previous experiments and the air was 
dried and moistened as previously described. The mice were 
put into large-mouthed bottles fitted with inlet and outlet tubes. 
As soon as the air was turned on the temperature and relative 
humidity were recorded. 

Three experiments were started at the same time. In one 
bottle the mouse was treated with air of 15 per cent. relative 
humidity and with an evaporating power of 1.3 c.c. All evapor- 
ation readings are given for ten-minute readings. It died after 
a 41-hour treatment. In the second bottle the mouse was 
treated with air of 95 per cent. relative humidity and the evapora- 
tion was .3c.c. The experiment was discontinued after 50 hours. 
The mouse had acted normally throughout the experiment. In 
the third bottle the mouse was treated with air that was warmed. 
The humidity was 29 per cent. and the evaporation .7 c.c. Death 
resulted after a 50-hour treatment. In the warm air and the 
dry air treatment the behavior of the mice was very similar. 
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After a few hours’ treatment the mouse in the dry air became 
very active. Beginning at the end of 16 hours it was quiet again 
for several hours and it then became active again. It would run 
up and seize the outlet tube with its teeth holding on until shaken 
loose. In a few minutes it would repeat the performance. 
After 36 hours it was very weak and was in a comatose condition; 
it died § hours later after 41 hour exposure. 

Three mice were treated with air of different rates of flow. 
The rates in liters per minute were 13, 30.5, and 45, and the rates 
of evaporation were .35 C.C., .7 C.Cc., 1.7 c.c. respectively. The 
mouse in the 45-liter flow died after a 19-hour treatment. An- 
other mouse was put in the same bottle and weighed accurately. 
It died after a 16-hour treatment and lost 2.69 grams. The mice 
died with symptoms similar to the salamanders and frogs from 
dense woods, tested by Shelford (’13) but the time to death was 
much longer because of the covering of hair; and they are not so 
restricted to their habitat, as they are sometimes found living up 
in trees where the rate of evaporation is much greater than on 
the ground. 

5. General Discussion. 


Whether the evaporation was increased by more rapid rate of 
flow, by drying the air, or by raising the temperature the general 
behavior and reactions of the mice were the same. As a rule 
the mice did not orient as quickly in the dry air as they did to a 
difference in the rate of flow, or under certain conditions a change 
in temperature. But differences were far less in the case of mice 
in temperature gradients than in the case of Shelford’s animals; 
where the evaporation was the same there was no difference. 
The mouse was always stimulated in the dry air and showed 
agitation by rapid turnings in the cage, yawning or by stretching 
and lying flat on the bottom. Sometimes the mouse moved 
about at random in the division of the cage representing the 
highest evaporation. This was especially the case when the 
ends were reversed after the completion of the experiment 
(Experiments 12 and 15). The selection of the air of lower 
evaporation was usually accomplished by the mouse moving 
back and forth along the cage; each period spent in the higher 
evaporation lowered the threshold of stimulation and finally 
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avoidance resulted. The problems involved in the results of 
these experiments are complex and the rate of evaporation plays 
an important réle in the distribution of animals. 

Why is the habitat of the white-footed mouse coextensive with 
the woodland area or why is any animal restricted to any par- 
ticular environment? If any one should attempt to answer 
these questions he would encounter a very complex physiological 
problem; however it is evident that this experiment work in- 
cates that the evaporation is the best index of conditions affecting 
warm-blooded animals. 

Change of environmental factors influence organisms in one 
of three ways (Shelford '14): (a) They may produce death. 
(6) They may modify structure or‘behavior. (c) They may 
stimulate migrating animals and cause them to turn back when 
an increase or decrease in the factor is noted. ‘These factors 
have been shown to modify form, color, size and the behavior of 
animals under experimental conditions, Entemann (09), (Allen 
*74) and Sumner. (’10). 

The integument or covering of an animal has a great deal to do 
with the power to withstand air of high evaporation. The white- 
footed mouse with a heavy coat of hair no doubt can withstand 
these unfavorable conditions more readily than the salamander 
or other soft-skinned amphibians, since there is no mechanism to 
prevent loss of water. The shrew (Blarina brevicauda Say) has 
thinner coverings of hair and they live in a much more restricted 
habitat. It is almost impossible to keep them in the laboratory. 
The essential factor for their existence seems to be plenty of 
moisture and they will die if left in the traps over night without 
water. 

When the mice encountered the air of high evaporation there 
was first a period of stimulation or of heightened sensibility which 
is indicated by the increasing avoidance of the air of high evapor- 
ation after several entrances into it as shown in all the experi- 
ments. It is impossible to give a solution which would account 
for this heightened sensibility, but the work of past investigators 
gives some interesting data on which to base some conclusions. 
Waller (09) showed that a small increase of CO: increased the 
irritability of the nerves. Osborne (’10) showed that COs: 
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output increased in dry air. The following table will make this 
clear. 


Ww Li 
Date. Wet Bulb. i. fee Cog per Hour. 


February 8 27.2° C. 6° <3. 85 c.c. 21.26 
February 13 37:1° C, 12.5° C. 94.8 c.c. 23.78 


Increased irritability in the mice after a few invasions of the dry 
air which caused them to turn back more quickly (See Graph 1) 
was probably due to increased CO: production. The differences 
in water loss and CO, given off is no doubt due to the varying 
humidity and velocity of the air. He showed that the increased 
water loss means an increased heat loss and therefore increased 
metabolism if the body of the organism is to remain thermostatic; 
that the ventilation of the lung is increased when the air tem- 
perature is high; that CO, varies directly and not inversely as 
the external temperature. These results show the importance 
of humidity cannot be overestimated, for temperature data 
without the known humidity is of no practical value. 

It is evident to naturalists that mammals select certain local 
habitats for their chief places of abode and that their geographic 
distribution is a function of the distribution of the conditions so 
selected. In spite of many theories as to the factors controlling 
distribution of mammals there are apparently no experiments 
showing the factors to which they react in selecting their habitats. 
The experiments performed show that the moist forest animals 
studied avoid air of high evaporating power, due to dryness, 
rapid movement or high temperature. The negative reactions 
to air of high temperature which gives the same amount of 
evaporation as dry air is no sharper than in the case of dry air 
with no difference in temperature. 

The experiments indicate that in the case of the mammals 
studied the rate of evaporation is more important than tem- 
perature in determining their movements. Their resistance to 
water withdrawal is far greater than that of any other animal in 
the same community. 

IV. SUMMARY. 

1. The mice reacted to evaporation whether it was produced 

by movement, dryness or heat (p. 192, 194-195). 
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2. The negative reactions to air of high temperature which gives 
the same amount of evaporation as dry air is no sharper than in 
the case of dry air with no difference in temperature (p: 192, 196). 

3. They behaved normally in air of low evaporation, their 
optimum, but when the evaporation was increased the mouse was 
stimulated and reacted negatively (p. 192, 194). 

4. Slight differences in air movement were easily detected by 
the mice (p. 195). 

5. The rate of evaporation is the best index of the combined 
action of wind, temperature, and dryness of the air. 

6. The integument of animals is important in determining the 
rate of evaporation, and animals in the same community show 
differences in their ability to withstand unfavorable conditions. 
The hair of the mouse makes it nearly as resistant as the heavily 
chitinized insects. 

7. Evaporation is probably the most important factor in de- 
termining the distribution of the white-footed wood mouse. 
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THE OSMOTIC CONCENTRATION OF THE SAP OF 
THE LEAVES OF MANGROVE TREES.! 


J. ARTHUR HARRIS AND JOHN V. LAWRENCE, 


STATION FOR EXPERIMENTAL EVOLUTION, COLD SPRING HARBOR, N. Y. 


I. PROBLEM AND METHODs. 


The morasses of insular and continental coasts in the tropical 
zone of both eastern and western hemispheres are largely occupied 
by a vegetation consisting almost exclusively of a number of 
species of trees or shrubs collectively designated as mangroves. 

These species, belonging to different genera and families, are 
characterized by striking morphological and biological features, 
for example, the prop or stilt roots of Rhizophora, the negatively 
geotropic roots, breathing roots or pneumatophores of Avicennia, 
and the remarkable vivipary and seedling dispersal of Rhizo- 
phora. 

These various peculiarities have attracted the universal in- 
terest of biological travelers in the tropics. 

The physiology of a group of organisms characterized by such 
morphological features and growing under environmental ‘con- 
ditions so specialized presents a most interesting group of prob- 
lems. When, however, one turns to the literature he is impressed 
by the fact that conclusions concerning the physiology of these 
plants are chiefly deductions from all too superficial field ob- 
servations and from macroscopic and microscopic anatomical 
investigations. Physiological constants, properly so called, are 
practically wanting. Thus the recording of any quantitative 
data on the physiology of this ecologically fascinating group of 
plants is especially desirable. In the present paper we shall not 
summarize or comment upon the available literature, but shall 
limit ourselves to the presentation of the results of certain meas- 
urements carried out on the southern shore of the island of Jamaica 


1 Codperative studies carried out by the Department of Experimental Evolution 
and the Department of Botanical Research of the Carnegie Institution of Washing- 
ton. 


202 





OSMOTIC CONCENTRATION OF SAP. 203 


in the winter of 1915 and’in the Everglades region of southern 
Florida in the winter of 1916. 

The specific problem attacked is that of the osmotic concen- 
tration of the tissue fluids. 

It is quite natural that zodlogists should have led in the inves- 
tigation of the relationship between the concentration of the 
tissue fluids and of that of the medium surrounding the organism. 
They have had at their disposal a wealth of forms exhibiting the 
widest possible range of organization, living in a medium which 
while showing a considerable range in concentration is neverthe- 
less relatively constant over large areas, and opposes no ob- 
stacles to the easy extraction of samples of fluids (blood) for 
comparison with the medium. Among those who have contri- 
buted to the literature of this field may be mentioned Botazzi, 
Fredericq, Garry, Macallum, Green, Dakin, Mosso, Dekhuyzen, 
Scott, and others. The subject is discussed by R. Héber in his 
‘Physikalische Chemie der Zelle und der Gewebe.” Just as 
these pages were being prepared for the printer a summary by 
Scott (’16) of the data available for the depression of the freezing 
point of the blood of representatives of the various phyla of the 
animal kingdom, with the values obtained for the water in which 
the individuals were taken, appeared. 

The problem of the osmotic concentration of the cell sap of 
the plant organism in relation to its medium has been rather 
extensively studied by a number of workers on the alge and fungi. 
In recent years a number of investigations have also been carried 
out on the higher plants, both in the laboratory and in the field. 
These botanical studies need not be reviewed here. 

It is perhaps clear that a study of arborescent plants growing 
in the saline substratum of the tropical coast has certain points 
of interest over that of the investigation of alge or other sub- 
merged organisms. Not only is there the factor of the osmotic 
pull necessary in water ascent but there is the possibility of the 
increase in osmotic concentration of the foliar tissue fluids by 
the retention in solution (and hence in an osmotically active 
condition) of the salts absorbed from the concentrated substratum 
and left in the leaf tissue by the rapid transpiration incident to 
tropical temperature, insolation and air movements. 





204 J. ARTHUR HARRIS AND JOHN V. LAWRENCE. 


The purpose of this paper is to present the results of a series 
of determinations of the concentration of the leaf tissue fluids of 
the three genera, Avicennia, Rhizophora and Laguncularia. 

This has been expressed in terms of molecules and ions as 
measured by the freezing point lowering A, corrected for under- 
cooling (Harris and Gortner, '14), and in atmospheres pressure P 
as given in the paper just cited and in a supplementary table 
(Harris, ’16) necessitated by the high concentrations found in the 
leaf tissues of the mangroves of the swamps on the southern 
shore of Jamaica and in the plants of the adjacent coastal desert 
(Shreve, '10). All determinations were based on sap extracted 
from tissue previously frozen (Gortner and Harris, ’14), to in- 
crease its permeability, as emphasized by Dixon and Atkins 
('13) and ourselves (’16). On approaching the freezing point 
or in passing it in undercooling, the sap of all three species 
generally shows a cloudiness or precipitation as noted by Gorke 
(06). That this sensibly influences the freezing point lowering 
seems rather improbable, but we have not been able to give 
the subject adequate investigation. 

Some difficulty was experienced with slight or heavy salt in- 
crustations which sometimes occurred on the leaves, and are not 
easily removed without washing. To what extent this is of 
internal origin we are not able to assert. Probably it does not 
appreciably influence the constants upon which our discussions 
are based. Two determinations based on leaves of Avicennia 
from Port Henderson, Jamaica, which had particularly heavy 
incrustations, which were probably not thoroughly removed, 
gave: 

Mar. 30, A = 5.86, P = 70.0; April 2, A = 5.86, P = 70.0. 


II. Hapirats FROM WHICH COLLECTIONS WERE MADE. 


The mangroves at Port Henderson form a dense thicket in a 
low area back of a gravelly, rather sterile beach which separates 
the swamp proper from the open sea. The vegetation consists 
of a dense growth of Avicennia nitida Jacq. with a few specimens 
of Rhizophora mangle L. and Laguncularia racemosa (L.) Gaertn. f. 
The pneumatophores of Avicennia thickly studded the water- 
covered soil or soft mud in most of the swamp. 
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The water here was not abnormally saline. One sample 
taken near the stilt roots of the collection of Rhizophora made 
January 22 gave A = 2.05, P = 24.7. Another sample taken 
near the pneumatophores of Avicennia gave A = 1.96, P = 
23.5. 

These determinations are in excellent agreement with those 
given by Garry (’15) for sea water from southern localities. 
Among his maximum values are A = 1.90-1.93 for Pacific 
Grove, Cal., A = 2.04 for Beaufort, N. C., and A = 2.24 for 
Naples. 

Back of the swamp which fringes a small bay with water too 
deep for the growth of either of the species, is a considerable 
area of almost sterile mud flat. Here the soil solution must 
become highly concentrated by evaporation from the superficial 
soil layers of the water left by occasional tidal overflow. We 
had no means of measuring this, but a sample of water from a 
slight depression, possibly diluted by a recent shower, gave when 
frozen A = 5.77, P = 68.9. The mangroves occur only on the 
edges of these mud flats. Practically the only other species found 
here are the succulent-leaved halophytes, Batis maritima and 
Sesuvium Portulacastrum. 

The determinations from subtropical Florida were based on 
plants growing on the mainland shore of Biscayne Bay at Miami 
and Cocoanut Grove and on the Everglades or Front Prairie, 
as some term it, south of Florida City. 

A single sample of Biscayne water taken near the shore at 
Cocoanut Grove gave A=1.45, P=17.4. This determination is 
distinctly lower than those cited for the seacoast localities, and 
more nearly comparable with the A = 1.09 for Kiel Harbor, 
A = 1.30 for the open Baltic sea, or A = 1.66 as determined in 
the Kattegat by Dakin and cited by Garry (loc. cit.). 

The dwarfed mangroves growing on the Everglades near 
Florida City are in a practically non-saline substratum. A 
sample of water from a ditch froze at —.009°, a value in good 
agreement with that for bog and pond water as studied by Living- 
ston (’04) and Transeau (’16). 


Scott (’16) classifies water with a depression of 0,03° as 
fresh. 
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III. PRESENTATION OF CONSTANTS. 
A. Avicennia nitida Jacq. 
The leaves of trees of Avicennia nitida from the Port Henderson 
swamp proper gave: 


Jan. 20, A = 4.26, P = 51.1 
Jan. 22, A = 3.29, P = 39.4 
Jan. 22, A = 3.56, P = 42.7 
Mar. 26, A = 3.47, P = 41.5 
Mar. 30, A = 3.60, P = 43.2 
April 2, A = 3.84, P = 46.0 


Average, A = 3.67, P = 43.98 
Plants from the edges of the sterile mud flats gave the following 
values: 
Jan. 20, A = 3.67, P = 43.9 
Jan. 25,4 = 4.55, P = 54.4 
Mar. 26, A = 3.90, P = 46.7 


Average, A = 4.10, P = 49.08 

Thus on the southern coast of Jamaica Avicennia nitida is 
characterized by leaf sap showing a concentration of about 45 to 
50 atmospheres. In view of the considerable variation in the 
individual determinations it is impossible to assert that the con- 
centration in the plants growing on the edge of the sterile mud 
flats is significanily higher than that of those occurring in the 
swamp proper. 

For the most part, the leaves taken were fully mature, but on 
Jan. 20th, it was possible to secure some new-growth leaves in the 
collection from the mud flats. These gave A = 3.56, P = 42.6 
as compared with A = 3.67, P = 43.9 for the old leaves. Thus 
the old and the young organs show about the same concentration 
of tissue fluids. 

Two collections of the leaves of seedlings, about 1-2 dm. in 
height, growing in mud or shallow water in the rather dense shade 
of the trees gave: 


Jan. 20, A = 4.47, P = 53.5 
Jan. 22, A = 4.02, P = 48.1 
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Note that these values are actually slightly in excess of those 
determined from the leaves of the trees collected on the same 
dates. 

A tree of A. nitida about 16 cm. in diameter on the mainland 
shore of Biscayne Bay at Miami gave: 


Feb. 24, A = 2.76, P = 33.1 


This constant is distinctly lower than any of those determined 
at Port Henderson, and indicates that the latter values are in- 
fluenced by the growth of the plants under the general environ- 
mental conditions which have resulted in the development in 
this region of the coastal desert flora (Harris and Lawrence, '17). 


B. Rhizophora mangle L. 
Rhizophora was not abundant on the Jamaican coast where 
our collections were made. The shrubs occurred only in the 
swamp. The constants determined were: 


Jan. 22, A = 2.47, P = 29.6 
Jan. 25, A = 2.57, P = 30.9 
Mar. 26, A = 2.43, P = 29.2 
Mar. 30, A = 2.53, P = 30.4 
April 2, A = 2.49, P = 29.9 


Average, A= 2.50, P = 30.0 


Small trees of R. mangle on the mainland shore of Biscayne Bay 
yielded leaves which gave the following concentrations: 


Feb. 8, A = 2.20, P = 26.4 
Feb. 17, A = 2.24, P = 26.9 
Feb. 24, A = 1.95, P = 23.4 


Average, A = 2.13, P = 25.57 
On the prairie below Florida City Rhizophora grows in a sub- 


stratum where the amount of salt in the soil must be insignifi- 
cant. Here the constants were found to be: 


Feb. 18, A = 1.85, P = 22.2 
Feb. 29, A = 1.84, P = 22.1 
Feb. 29, A = 1.91, P = 22.6 


Average, A = 1.87, P = 22.30 
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The reader will have noticed three salient results in these 
constants. First, the concentrations in Avicennia are distinctly 
higher than in Rhizophora. Second, that the Florida collections 
give distinctly lower constants than do those made in Jamaica. 
Third, that there is a distinct reduction in the osmotic concen- 
tration as the Florida plants leave the shores of the bay and 
penetrate into the non-saline substratum of the Everglades region. 


C. Laguncularia racemosa Gaertn. f. 


At Port Henderson, Laguncularia racemosa occurs both in 
the swamp and on the relatively sterile mud flats. 
In the swamp the trees gave: 
Jan. 22, A = 2.07, P = 24.9 
Jan. 22, A = 2.05, P = 24.6 
Mar. 26, A = 2.13, P 


Average, A= 2.10, P = 25.20 


On the relatively sterile mud flats the concentrations were: 
Jan. 20, A = 2.90, P = 34.8 
Jan. 25, A = 2.90, P = 34.7 
Mar. 26, A = 2.79, P = 33.5 
Mar. 30, A = 2.69, P = 32.3 
April 2, A = 2.75, P = 33.1 
Average, A = 2.81, P 33.68 
While it was not possible to assert that the osmotic concentra- 
tion of the leaf sap of Avicennia was significantly higher when 
growing on the sterile mud flats, there can be no reasonable 
question of the relative values of the constants in the case of 
Laguncularia. The five individual values fromthe flats are 
without exception higher than the four available from the swamp. 
Two large trees of L. racemosa on the mainland shore of Bis- 
cayne Bay gave: 
Miami, Feb. 17, A = 2.11, P = 25.3 
Cocoanut Grove, Feb. 26, A = 2.24, P = 26.9 
Young trees about 13 m. high gave: 
Miami, Feb. 24, A = 1.81, P = 21.7 
Cocoanut Grove, Feb. 26, A = 1.73, P = 20.8 
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That the sap of L. racemosa is profoundly influenced by its 
substratum is splendidly shown by a determination based on 
trees growing in practically fresh water on the south shore of 
Jamaica. An irrigation canal passes through the coastal desert. 
Trees! growing in the marsh beside it gave: 


Jan. 30, A = 1.64, P = 19.7 


IV. RECAPITULATION. 


The present paper is a contribution to the problem—hitherto 
practically untouched by quantitative methods—of the physi- 
ology of mangrove vegetation. Specifically it deals with the 
osmotic concentration or osmotic pressure of the leaf tissue 
fluids. 

Three species, Avicennia nitida of the Avicenniacee, Rhizophora 
mangle of the Rhizophoracee, and Laguncularia racemosa of the 
Terminaliacee have been examined on the southern shore of the 
island of Jamaica and in southern Florida. Determinations of 
freezing point lowering of sap extracted from plants growing in 
habitats ranging from a substratum saturated with fresh water 


to the margins of highly saline and practically sterile mud flats 
have been secured. 


The concentration of the tissue fluids is relatively high through- 
out. The minimum concentrations are about 20-22 atmospheres 
for Laguncularia and Rhizophora growing under practically 
fresh-water influence and 33 atmospheres for Avicennia on the 
shore of Biscayne Bay. The values may range widely in re- 
sponse to local conditions. Thus on the southern coast of 
Jamaica where the plants are growing under the influence of 
the edaphic and meterological conditions which on higher levels 
have resulted in a splendidly developed desert vegetation, 
Avicennia shows trustworthy measurements of concentrations 
up to fifty atmospheres in leaves in a fairly healthy condition. 
It is quite probable that somewhat higher values will be found. 


' Determinations on three more or less herbaceous forms were secured for com- 
parison 
Ammania latifolia L. April 2, A = 1.60, P = 19.3 
Pluchea purpurascens (Sw.) D.C. April 4, A = 1.21, P. = 14.5 
March 30, A = 1.25, P = 15.0 
Verbesina alba L. (Eclipta alba (L.) Hassk.) April 12, A = 1.60, P = 19.2 
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Rhizophora mangle shows concentrations of about 25 atmospheres 
on the mainland shore of Biscayne Bay and 30 atmospheres in 
the swamp at Port Henderson; Jamaica, as compared with slightly 
over 22 atmospheres under the practically fresh-water influence 
of the Everglades. Laguncularia racemosa shows a concentra- 
tion of about 20 atmospheres under nearly fresh-water influence 
at Port Henderson, from 20 to 25 atmospheres on the shore of 
Biscayne Bay, about 25 atmospheres in the mangrove swamp 
and about 34 atmospheres on the edges of the sterile mud flats 
near Port Henderson. 

Apparently Avicennia is capable of developing a much higher 
sap concentration than either of the other species investigated. 
Thus on the shore of Biscayne Bay it showed a concentration of 
about 33 atmospheres, whereas the maximum values for Rhi- 
zophora and Laguncularia were about 27 atmospheres. In the 
swamp at Port Henderson the leaves of trees of Avicennia gave 
a freezing point lowering indicating a concentration of about 44 
atmospheres as compared with 30 atmospheres for Rhizophora 
and about 25 atmospheres for Laguncularia. Even the leaves 
of seedling plants of Avicennia exhibited a concentration of 


about 50 atmospheres as compared with the values just cited for 
adult leaves of Rhizophora and Laguncularia. 
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